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A CATALOG OF COOL STARS FOR PRECISION PLANET SEARCHES
by
CASSY SMITH
Under the Direction of Russel J. White
ABSTRACT
We present an equatorial (± 30◦ Decl.) sample of all known single (within 4′′) mid M-dwarfs
(M2.5V-M8.0V) extending out to 10 pc. For this sample of 58 stars, we provide photometry,
low dispersion optical (6000−9000 A˚) spectra from which spectral types are determined, Hα
equivalent widths, and gravity sensitive Na I indices. For 45 of these 58 stars, strict limits
are placed on the presence of companions, based on precise infrared radial velocities. Our
spectroscopic results indicate that on average, we rule out the existence of companions with
masses of 1.5 MJUP or greater in 10 day orbital periods around slowly rotating (vsini < 6.5
km s−1) M-dwarfs. Similarly, strict limits are placed on the presence of companions to 53
out of the 58 stars with astrometry. Our astrometric results show that, on average, we rule
out the presence of companions with masses greater than 9 MJUP with an orbital period of
8 years. These results establish these stars as the nearest set of single mid M-dwarfs.
Two additional stars, GJ 867B and LHS 1610, were initially included in this program,
but later discovered to be spectroscopic binaries (SB). The binary GJ 867BD is a wide
(24.′′5) companion to the M2 dwarf GJ 867AC. With this discovery, the GJ 867 system (d
=8.82 ± 0.08 pc) becomes one of only four quadruple systems within 10 pc of the Sun and
the only among these with all M-dwarf (or cooler components).
To measure how the rotational velocities vary with spectral type, we assembled a list
of all known single (within 3′′) mid M-dwarfs that have trigonometric parallaxes within 25
pc and reside between −30◦ and +65◦ Decl from the RECONS sample. From this list of
402 stars, only 169 stars have previously reported vsini values. We obtained spectroscopic
measurements for an additional 75 stars. Of those, 17 have vsini values above our detection
threshold of 3 km s−1. Our data are consistent with the trend of more low mass M-dwarfs
having high projected rotational velocity values than high mass M-dwarfs.
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Introduction
1.1 The Hunt for Exoplanets Begins
Countless Hollywood movies have sensationalized the idea of space travel to distant worlds
and the possibilities of communicating with extraterrestrial life. One of the most popular
space movies, Star Wars (1977), helped to further inspire and instill the idea that life could
exist on distance planets or possibly even moons orbiting planets in other star systems. This
movie envisioned planetary systems that are quite different than our own. To mention a
few, the movie shows planetary systems around stars less massive than our Sun and systems
that have more than one Sun. With the possibilities that these fantasies could be reality,
Star Wars and other Hollywood hits have created a generation of people eager to find other
worlds.
In 1992, Wolszcan made what was considered at the time the first detection of two exo-
planets around a milli-second pulsar, PSR 1257+12, using pulsar timing (Wolszczan & Frail
1992). Having terrestrial-like masses and likely terrestrial-like densities, these planets prob-
ably formed from the ejecta of a supernova or a quark nova (Kera¨nen & Ouyed 2003), which
is unlike how planets formed in our Solar System. A few years later, Mayor & Queloz (1995)
discovered the first exoplanet orbiting a Sun-like star, 51 Pegasi, based on periodic change in
it RV, which is known as the radial velocity (RV) technique. The planet around 51 Pegasi,
now known as 51 Pegasi b, has about half as much mass as Jupiter, but unlike the Jovian
planets in our Solar System, it is very close to its host star; it orbits in a quick 4.4 days.
The detection of this object and others like it indicates a new class of planets referred to
as hot Jupiters. Hot Jupiters are planets that have masses similar to Jupiter, but yet orbit
2close-in to their host stars. Wright et al. (2012) defines these object as having P < 10 days
and msini > 0.1 MJUP . Many of the first RV detected exoplanets happen to be Jupiter
mass objects, as more massive objects exert a greater tug on their host stars and are easier
to detect.
As more planets were discovered, it became important for the community to establish
criteria that define whether very low mass objects are planets or brown dwarfs. In 2001,
the International Astronomical Union (IAU) working group on extrasolar planets decided
that for an object to be considered a planet that it must orbit a star or stellar remnant
and that its true mass must be less than the limiting mass for thermonuclear fusion of
deuterium. Theoretical evolutionary models placed this limit at 13 times the mass of Jupiter,
for objects with solar metallicity. Although there is no clear mass cut-off to determine
whether an object should burn deuterium or not, the mass at which 50% of the deuterium
fuses is now estimated to be 12 MJUP , down from the 13 MJUP estimated when the IAU
definition was written (Seager & Lissauer 2010). It is also important to note that some
contention arises with this definition, as it does not include formation-based criteria1. With
this current definition of an extrasolar planet, perhaps the discovery of the first exoplanet
should be credited to Dave Latham. Latham et al. (1989) announced the presence of an
unseen companion around the F star, HD114762, that has a minimum mass of 11 MJUP .
This unseen companion could also be a brown dwarf, as the inclination of the system is
unknown.
1For more details on the working definition of an exoplanet, see
http://www.astro.iag.usp.br/∼dinamica/WGEP.html.
31.2 Characterizing the Population of Planets around FGK Type Stars
Over the last two decades, an extensive international effort has worked to establish the
frequency and properties of planetary systems. With all of the data in hand, we now have
enough to gather useful statistics on the frequency of planets around Sun-like stars. Using
RV data from the Lick and Keck observatory, the California Planet Survey determine that
the fraction of hot Jupiters orbiting FGK- type stars in the solar neighborhood is 1.2 ±0.38%
(Wright et al. 2012), which is the consistent with the fraction reported by the HARPS and
CORALIE RV surveys (Mayor et al. 2011). This fraction is almost double the number of hot
Jupiters reported from data obtained from the Kepler space mission (Borucki et al. 2010;
Koch et al. 2010) around these FGK- type stars (0.5% Howard et al. 2012). This difference
could be in part due to the exclusion of close stellar binaries (without planets) from RV
surveys. Alternatively, it could be that the frequency is different, because Kepler data are
probing a different intrinsic stellar population (stars are at a different Galactic height) than
our own (Wright et al. 2012). No matter what causes this difference, the conclusion from
both Kepler and RV studies is that hot Jupiter planets are quite rare. If we extend the
range of periods from 2 to 2000 days to include most Jupiter-mass planets, Cumming et al.
(2008) determined the frequency of solar-type stars hosting a gas giant planet (mpsini =
100 − 3000 MEARTH) to be 10.5%, based on RV data.
As technology and techniques have improved, astronomers have begun to detect and
characterize large terrestrial planets. Earth mass and Earth size planets have not been
detected in large numbers around FGK type stars. Howard et al. (2010) measure the oc-
currence rates of terrestrial planets with periods less than 50 days to be less than 1%
4around GKM stars using the RV method. This estimate is in agreement with the predicted
occurrence rate determined by transit data. For planets orbiting GK type stars with or-
bital periods less than 50 days, (Howard et al. 2012) measure occurrences of 0.130±0.008,
0.023±0.003, and 0.013±0.002 planets per star for planets with radii between 2 and 4
REARTH , 4 and 8 REARTH , and 8 and 32 REARTH , respectively.
Along with determining the frequency of the planets, some trends have emerged. Metal
rich FGK type stars have been shown to be more likely to host gas giant planets (e.g.
Santos et al. 2004; Fischer & Valenti 2005). This trend has also been shown to extend down
to the lower mass M-stars (e.g. Johnson & Apps 2009; Rojas-Ayala et al. 2010). However,
this trend is not applicable for lower mass planets. For Neptunian and smaller planet hosts
there is either no correlation or even an anti-correlation between the frequency of these
planets and the metallicities of their host stars (Neves et al. 2013).
Another emerging trend comes from the Kepler data, which demonstrates an increase
in terrestrial planet occurrence with decreasing Teff from 7100 to 3600 Kelvin, spanning
spectral types F2 to M0. Small terrestrial planets are seven times more abundant around
cool stars than the hottest stars in the sample (Howard et al. 2012). With this trend,
perhaps the best place to search for the lowest mass Earth-like planets is around M-dwarfs.
1.3 Investigating the Potential for M-dwarfs to Host Habitable Exoplanets
M-dwarfs have been favorite targets of precision searches for low mass planets because
a planetary companion is easier to detect around a low mass star than a Sun-like star
(examples: RV Reflex Motion (K) ∼ MSTAR−2/3, Transit Depth ∼ RadiusSTAR−2). Also,
the distance where one would expect habitable planets to form around a star is much closer
5in for an M-dwarf than a more massive star (Kasting et al. 1993), which makes detection of
these planets easier (example: RV Reflex Motion (K) ∼ semi-major axis (a)−1/2).
Along with searching for planets that reside in the habitable zone, we also want to search
for planets on which abiogensis has occurred and where possible advanced civilizations have
arisen. To do this, we should search for planets around stars that have long stellar lifetimes
(Tarter et al. 2007). Fortunately, lower mass stars have longer main sequence lifetimes
compared to more massive stars (TMS ∼ MSTAR−2.5). The main sequence lifetimes of M-
stars range from 1011 to 1015 years, which should allow enough time for abiogensis to occur
based on the one example we have. This hope of finding habitable exoplanets with possible
extrasolar life has further motivated the race to find exoplanets around M-dwarfs.
There are a few potential drawbacks to searching for habitable planets around M-dwarfs.
Young (<1 Gyr) M-stars and late M-dwarfs are significantly more magnetically active at X-
ray and UV wavelengths than Sun-like stars. These stars can exhibit strong stellar flares that
range from a few minutes to a few hours (Poletto 1989), whose radiation and particle flux
might significantly change the atmosphere of planets around these stars and might inhibit
abiogensis (Khodachenko et al. 2007; Lammer et al. 2007). These strong stellar flares are
quite common for late M-dwarfs. Hilton et al. (2010) determined the percentage of time
flares occurred during the entire period of observations to increase from 0.02% for early
M-dwarfs to 3% for late M-dwarfs in the Galactic plane. These values are slightly lower
than found by Schmidt et al. (2007) who investigated 81 M-dwarfs and obtained a flare duty
cycle of ∼5%. Although many M-dwarfs exhibit flares, life might still form around these
stars (Heath et al. 1999).
61.4 Characterizing the Population of Planets around M-Dwarfs
Recent studies have determined that Earth size planets are common around M-dwarfs.
Morton & Swift (2013) estimate an occurrence rate of 1.5 planets per M-dwarf with periods
less than 90 days and radii larger than 0.5REARTH , using the list of 4000 stars with temper-
atures below 4000 K assembled in Batalha et al. (2013) that were observed with the Kepler
mission (Borucki et al. 2010; Koch et al. 2010). This estimate is consistent with but slightly
higher than previous studies, which measure occurence rates of approximately one planet per
M-dwarf (Youdin 2011; Mann et al. 2012; Swift et al. 2013; Dressing & Charbonneau 2013).
Given the apparent abundance of Earth-size planets orbiting M-dwarfs, which dominate the
stellar population (75%; Henry et al. 2006), Dressing & Charbonneau (2013) predict with
95% confidence that the nearest non-transiting planet in the habitable zone orbiting an
M-dwarf is within 5 pc of the Sun. However, how suitable these nearby planets within
the classically defined habitable zone (e.g. Kasting et al. 1993) may be for life is still un-
der debate (e.g. Tarter et al. 2007; Barnes et al. 2011; Guedel et al. 2014). Nevertheless,
given their ubiquity and proximity, M-dwarfs are ideal stars to search for Earth-size and
Earth-mass planets in stellar habitable zones (Cantrell et al. 2013).
Preliminary surveys show that Jupiter-mass companions are rare around M-dwarfs. Us-
ing RV measurements and high contrast imaging, Montet et al. (2014) found that 6.5±3.0%
of M-dwarfs (M0-M5.5) host a giant planet (1-13 MJUP ) with a semi-major axis smaller
than 20 AU, but this sample only included 18 M-dwarfs of M4 or later in their survey of 111
M-dwarfs. Another large M-dwarf survey of 102 stars (Bonfils et al. 2013a) only included
M-dwarfs with V<14 and found the giant planet (msini = 100-1000 MEARTH) frequency
7to be 2% for orbital periods between 10 and 100 days, and the super-Earth (msini = 1-10
MEARTH) frequency with the same orbital periods to be significantly higher at 52%. Many of
the M-dwarfs not surveyed are faint and chromospherically active, which limits the achiev-
able RV precision and chances to find Earth-mass planets. As a result, these two surveys,
which are representative of other spectroscopic M-dwarf surveys, include very few mid to
late M-dwarfs and can report only preliminary statistics for planet occurrence around such
stars.
With the relatively small number of mid to late M-dwarfs that have been surveyed
for companions by ground based telescopes and Kepler, we cannot concretely say whether
planets even exist around most of these stars, as the latest known star with an exoplanet is
the M4.5 dwarf GJ 1214 (Reid et al. 1995; Charbonneau et al. 2009). A list of the known
planet and planet candidates within 25 pc is given in Table 1.1.
1.5 Many Mid- to Late- M-dwarfs Have Been Left Out of Exoplanet Surveys
Not all M-dwarfs are equally suitable targets for the precision measurements needed to
find Earth-mass companions. Some M-stars exhibit high chromospheric activity, which can
hinder the achievable RV precision (e.g. Mohanty & Basri 2003; Reiners & Basri 2008); this
is especially problematic for mid to late (M3 and cooler) M-dwarfs. Reiners et al. (2012)
find 41% of the 115 stars with spectral types M3 to M4.5 to be active emission-line stars.
Likewise, Gizis et al. (2000) and West et al. (2011) reports an increase in emission-line stars
with lower mass. The increase in chromospheric activity can create inhomogeneities on the
stellar surface that can produce variations in the measured RV (commonly referred to as
8stellar jitter Henry et al. 2002; Queloz et al. 2001; Wright 2005) which makes it harder to
detect planets around these stars.
The achievable RV precision also strongly depends on the amount of rotational broad-
ening. Stars with higher projected rotational velocities have wider absorption features that
make it harder to measure precise RVs. The widths of absorption features for stars with
different rotational velocities at 2.298 microns, within the K band, are illustrated in Fig-
ure 1.1. As an example, one of the largest surveys of M-dwarfs has instituted the criterion
that their target stars must have vsini values < 6.5 km s−1 in order to be viable candidates
for planet searches (Bonfils et al. 2013a). This criterion does not affect most early M-dwarfs
(M0-M3), as these stars are usually slow rotators with vsini < 3 km s−1 (Marcy & Chen
1992; Browning et al. 2010; Reiners et al. 2012). However, initial surveys reveal that many
mid and late M-dwarfs that will be surveyed by the next generation spectrographs are
not quiet stars and tend to have higher rotational velocities (e.g. Mohanty & Basri 2003;
Reiners & Basri 2008; Jenkins et al. 2009). With preliminary surveys indicating that many
late type stars have high rotational velocities, it becomes evident that we need to obtain
rotational velocities for all of the nearest stars to determine which stars are suitable for
future RV monitoring.
Some M-dwarfs have close stellar or substellar companions that may inhibit the detection
of planets. The dynamically disruptive effects of these companions could also preclude
the existence of planets; the lack of short period giant planets in multiple planet systems
corroborates this hypothesis (Latham et al. 2011; Steffen et al. 2012; Batalha et al. 2013).
Given the above considerations, we argue that the best stars to target for Earth-mass planet
9Figure 1.1: Widths of Absorption Feature for Stars with Different Rotational Velocities. As
the projected rotational velocity of a star increases, the widths of the absorption features
also increase making it harder to measure precise RVs. This is demonstrated above for
synthetic stellar spectra created from NextGen models (Hauschildt et al. 1999) for projected
rotational velocities of 2 km s−1, 8 km s−1, 14 km s−1 and 20 km s−1.
searches are likely the lowest mass stars (mid to late M-dwarfs) that do not have a disruptive
companion, and are both inactive and slowly rotating.
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1.6 Developing a Catalog of Cool Stars for Precision Planet Searches
We create a catalog of cool stars for precision planet searches. This project is composed of
two parts. First, we assess the companion fraction of the nearest mid M-dwarfs by utilizing
the Doppler technique and astrometry. These two techniques probe a large spatial regime
and will allow us place strict limits on the presence of companions our sample. Second,
we measure the projected rotational velocities of stars to determine which stars would be
viable candidates for exoplanet searches.
1.6.1 Using Radial Velocity To Find Companions Around Mid M-dwarfs
Mid to late M-dwarfs are faint in the optical, which makes them hard to observe at optical
wavelengths where most precision facilities operate. Luckily, these stars are infrared bright
and new techniques have been developed to obtain precise RVs in the infrared. We obtain
precise RVs by measuring the positions of the rich photospheric 12CO R branch lines (2.3
µm) relative to a wavelength solution set by telluric methane absorption features in the
Earth’s atmosphere (e.g. Blake et al. 2010; Bailey et al. 2012; Davison et al. 2014); this is
analogous to the iodine absorption cell used in high precision optical studies.
An additional advantage to studying mid M-dwarfs in the infrared is that it will minimize
the noise added in the data due to stellar flares, as flares strongly decrease in amplitude
with wavelength (Rockenfeller et al. 2006). Similar to the flares, noise from starspots can
also be reduced by obtaining precise RVs in the near-IR (Prato et al. 2008; Crockett et al.
2012), as the contrast of spots compared to the photosphere is less in the near-IR than
the optical. It is important to minimize noise due to starspots, as starspots can introduce
periodic noise in the high precision RV data, which could masquerade as a planetary reflex
11
motion (Bonfils et al. 2007). In the case of the G0V star HD 166435, Queloz et al. (2001)
find ∼200 m s−1 RV signal in the optical from starspots.
In order to analyze the types of planetary systems that can be detected with precise
RVs, we will analyze the stellar wobble around the system’s barycenter caused by a planet.
An equation to relate the reflex motion of a star to characteristics of the system can be
found by combining the mass function and Kepler’s Third Law to yield:
K ≈ 212918 ·mPlanet · sini
M
2
3
Star · P
1
3 · √1− e2
where K is the reflex motion in m s−1, mPlanet is the planet mass in M⊙, MStar is the star
mass in M⊙, P is the period in days and e is the eccentricity.
As an example, a 1 MJUP planet around a 0.2 M⊙ star viewed at an inclination of i=90o
in a 10 day period would cause a reflex motion of ∼ 290 m s−1, if we assume a circular
orbit, which is likely appropriate for companions to old stars with short periods (≤ 10 days;
Lin & Gu 2004). With our detection limits, explained later in §9.2, we would be able to
detect this object.
1.6.2 Using Astrometry To Find Companions Around Mid M-dwarfs
Similar to the Doppler technique, astrometry indirectly detects planets by studying a host
star’s motion. If the target star wobbles, then it can be inferred that a secondary object is
in the system and that the two objects are orbiting a common center of gravity. Knowing
the change in right ascension, declination and the distance to the system, and assuming the
mass of the star, all of the orbital elements can be solved for and the mass of the planet can
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be determined without the sini ambiguity. This makes astrometry a very powerful method
to find and determine the characteristics of a planet.
Using geometry and the formula for center of mass, a simple equation that finds the
astrometric signal can be found. In the equation below, θ is in arcseconds when the masses
of the planet and the star are given in solar masses, the distance, d, to the system is given
in parsecs and the semi-major axis, a, is given in astronomical units (AU).
θ =
mplanet · a
(Mstar + mplanet) · d
We can use this equation for the astrometric signal and Kepler’s Third Law to relate
the astrometric signal to the orbital period in years, planetary mass in M⊙, stellar mass in
M⊙ and distance to the system in parsecs:
θ =
mPlanet
(MStar + mplanet)
2
3
P
2
3
d
.
As an example, a 10 MJUP planet around a 0.2 M⊙ in a 6 year orbit at a distance of
8 pc from the Sun would create an astrometric signal of 12 milliarcseconds; this object we
would be able to detect using RECONS data.
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Table 1.1: Planet and Planet Candidates Orbiting M-dwarfs within 25 pc
Radial Velocity Detections
Name Pl. mP sini i P a e ref. ref.
(MEAR) (MJUP ) (
o) (d) (AU) disc. param.
Kapteyn’s b 4.8 0.015 - 48.62 0.168 0.21 1 1
c 7.0 0.0220 - 121.5 0.311 0.23 1 1
GJ 15 A b 5.35 0.0168 - 11.44 0.0717 0 2 2
GJ 27.1 b 13.0 0.0409 - 15.819 0.101 0.08 3 3
GJ 163 b 10.8 0.339 - 8.63 0.06 0.11 4 4
c 6.9 0.022 - 25.63 0.13 0.10 4 4
d 29.4 0.093 - 604.0 1.03 0.37 4 4
GJ 176 b 8.3 0.026 - 8.78 0.07 0.0 5 5
GJ 179 b 262 0.82 - 2288 2.41 0.21 6 6
GJ 180 b 6.4 0.0201 - 24.329 0.129 0.09 3 3
c 8.3 0.0261 - 17.38 0.103 0.11 3 3
GJ 229 b 32.0 0.10068 - 471.0 0.97 0.1 3 3
GJ 317 b 570 1.81 - 692 0.95 0.11 7 8
c ∼600 ∼2.0 - >10000 10−40 0.81 7 8
GJ 422 b 9.9 0.03114 - 26.161 0.119 0.05 3 3
GJ 433 b 5.8 0.0182 - 7.37 0.06 0.08 9 9
c 44.6 0.14 - 3693 3.6 0.17 3,9 3
GJ 581 b 15.9 0.0499 - 5.369 0.04 0.031 10 11
c 5.3 0.017 - 12.9 0.07 0.07 12 11
d 7.1 0.022 - 66. 0.22 0.38 12,13 13
e 2.0 0.0060 - 3.1 0.03 0.32 13 11
GJ 649 b 103 0.325 - 598 1.14 0.30 14 14
GJ 649 c 10.0 0.03 - 4.4762 0.043 0.2 15 15
GJ 667C b 5.6 0.018 - 7.20 0.05 0.150 16 17
c 4,2 0.013 - 28.1 0.13 0.27 16 17
d 5.098 0.016 - 91.61 0.276 0.03 18 18
e 2.7 0.0085 - 62.24 0.213 0.02 18 18
f 2.7 0.0085 - 39.026 0.156 0.08 18 18
g 4.61 0.0145 - 256.2 0.549 0.03 18 18
GJ 674 b 11.1 0.035 - 4.7 0.04 0.20 19 19
GJ 676A b 1560 4.90 - 1056.8 1.82 0.33 11 11
c 1000 3.0 - 4400 5.2 0.2 5 20
d 4.4 0.014 - 35.37 0.187 0.24 20 20
e 11.0 0.036 - 3.6 0.0413 0.15 20 20
GJ 682 b 4.4 0.0138 - 17.478 0.08 0.08 3 3
c 8.7 0.0273 - 57.32 0.176 0.1 3 3
GJ 687 b 18.0 0.058 - 38.14 0.164 0.04 21 21
GJ 832 b 205 0.64 - 3420 3.4 0.12 22 22
GJ 849 b 264 0.83 - 1880 2.35 0.04 23 4
c 240.0 0.77 - 7049.0 - 0.218 24 24
GJ 876 b 619 1.95 - 61.1 0.208 0.032 25,26 27
c 194.6 0.612 - 30.1 0.130 0.256 28 27
d 5.9 0.018 - 1.9378 0.021 0.207 29 29
e 12.5 0.0392 - 124.3 0.333 0.056 27 27
LHS 1672b b 25.8 0.0812 - 30.6 0.1434 0.09 30 30
d 22.4 0.0705 - 123.98 0.364 0.37 30 30
LHS 1748 b 113.5 0.35717 - 14.207 0.089 0.31 30 30
LHS 2335 b 7.1 0.022 - 2.645 0.028 0.08 16 16
HIP 12961 b 112.6 0.354 - 57.4 0.255 0.17 11 11
14
Table 1.1 – Continued
Name Pl. mP sini i P a e ref. ref.
(MEAR) (MJUP ) (
o) (d) (AU) disc. param.
HIP 57050 b 95 0.298 - 41.4 0.16 0.3 31 31
HIP 79431 b 672 2.1 - 111.7 0.36 0.29 32 32
Transit Detections
Name Pl. mP i P a e ref. ref.
(MEAR) (MJUP ) (
o) (d) (AU) disc. param.
GJ 436 b 23.1 0.073 86 2.643 0.029 0.16 33 34
GJ 1214 b 6.47 0.020 88 1.5804 0.014 0.27 35 36
aThis table lists planets and planet candidates from exoplanet.eu as of March 20, 2015.
bPhotometric Distance by Gliese & Jahreiß (1991).
cDiscovery and Parameter References. (1) Anglada-Escude´ et al. (2014); (2) Howard et al.
(2014); (3) Tuomi et al. (2014); (4) Bonfils et al. (2013b); (5) Forveille et al. (2009); (6)
Howard et al. (2010); (7) Johnson et al. (2007); (8) Anglada-Escude´ et al. (2012a); (9)
Delfosse et al. (2013); (10) Bonfils et al. (2005); (11) Forveille et al. (2011); (12) Udry et al.
(2007); (13) Mayor et al. (2009); (14) Johnson et al. (2010); (15) Wittenmyer et al. (2013);
(16) Bonfils et al. (2011); (17) Robertson & Mahadevan (2014); (18) Anglada-Escude´ et al.
(2012b); (19) Bonfils et al. (2007); (20) Anglada-Escude´ et al. (2013); (21) Burt et al. (2014);
(22) Bailey et al. (2009); (23) Butler et al. (2006); (24) Montet et al. (2014); (25) Delfosse et al.
(1998); (26) Marcy et al. (1998); (27) Rivera et al. (2010); (28) Marcy et al. (2001); (29)
Rivera et al. (2005); (30) Astudillo-Defru et al. (2015); (31) Haghighipour et al. (2010); (32)
Apps et al. (2010); (33) Butler et al. (2004); (34) Maness et al. (2007); (35) Charbonneau et al.
(2009); (36) Harpsøe et al. (2013).
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Sample Selection
In order to obtain meaningful statistics of a population, there needs to be a large sample of
stars that possess little observational bias. The best way to obtain this is to use a volume-
limited sample; more practical, magnitude-limited samples introduce biases toward hotter
stars, binary stars, and a Malquist bias (Butkevich et al. 2005). Fortunately, the RECONS
(Henry et al. 2014) effort has been discovering and characterizing many nearby stars, which
allows us to assemble a volume-limited survey. It is estimated that the RECONS sample of
M-dwarf primaries is ∼90% complete for the 10 pc sample and ∼30% complete for the 25
pc sample for stars with trignometric parallaxes, if we assume these samples have the same
fraction of stars per volume as in the 5 pc sample (Cantrell et al. 2013). The RECONS
sample includes both single stars and multiple systems.
2.1 An Equatorial Volume-Limited Sample of Nearby Mid M-Dwarfs
(CAESAR)
Beginning with a parent volume-limited sample of stars extending out to 10 pc (unpublished
list; Henry et al. 2006), we assembled a sample of mid M-dwarfs for detailed study listed in
Table 2.1. The sample of stars is restricted to within the declination range of ± 30◦ and
the sky positions are illustrated in Figure 2.1; the stars are thus accessible to the majority
of observing facilities in both the northern and southern hemispheres.
To be inclusive, we define mid M-stars using three independent measures, including
optical spectral type, (V-K) color, and absolute magnitude. Starting with the complete 10
pc sample, we include stars meeting one of the following criteria: spectral types between
M3.5V and M8.0V as classified in the RECONS system (described in §3), V-K color between
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Figure 2.1: CAESAR stars. This plots shows the sky positions of all known single (within
4′′) equatorial (± 30◦ Decl.) mid M-dwarfs (M2.5V-M8.0V) extending out to 10 pc; their
proximity and low masses make them ideal targets for planet searches.
5.0−9.0 mag, or MV between 12.0 and 19.0 mag. There are 67 systems that have primary
stars that meet at least one of these criteria2. As the goal is to observe our targets with
both astrometry and spectroscopy, we exclude stars with companions within 4′′, as it is
too difficult operationally to get spectrum of a star with such a close companion that is
uncontaminated by its secondary companion.
Of these 67, 49 are single star systems, one of which is a known multi-planet host (GJ
876; Rivera et al. 2010). The remaining systems consist of 12 binaries, five triples and one
quintuple system (GJ 644ABE-C-GJ 643). Out of the 12 known binaries, 11 are close
(<4 ′′) binaries and are excluded from our sample. The other known binary is composed
of two mid M-dwarfs (M3.5V GJ 896A and M4.0V GJ 896B) separated by ∼5′′ (both
2We include the M3V GJ 628 with V-K=4.99 in our sample and in the number count of the systems
because the photometric uncertainty in its V-K color overlaps with the adopted color range.
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components of this binary are included in our sample). Of the five known triple systems,
three are composed of stars that all lie within less 4 ′′ and are excluded from our sample.
The two remaining triplets in our sample are composed of spatially single stars that are
wide companions to a binary star system. One of the triplets is composed of M2.5V LP
771-095A (included in our sample), which has a distant companion that is a close (<4 ′′)
M-dwarf binary LP 771-096BC (excluded in our sample). The other triplet is composed
of the close (<4 ′′) binary GJ 1230AC (excluded in our sample) and the M4.5V dwarf GJ
1230B. The quintuple system is composed of one close triple system (excluded from our
sample) and two more widely separated stars M7V GJ 644C and GJ 643; both of these
wide companions are included in our sample. A sub-sample of 53 mid M-dwarfs (52 mid
M-dwarfs systems) is constructed that excludes close multiples (<4′′) and the planetary
host GJ 876. Additionally, this sub-sample is augmented to include five more mid M-dwarfs
that are wide companions to higher mass stars (GJ 105B, GJ 166C, GJ 283B, GJ 752B, LP
876-010). In total, 58 stars are in our sample. We refer to this sample of stars as CAESAR,
which stands for a Companion Assessment of Equatorial Stars with Astrometry and Radial
velocity. Table 2.1 lists the astrometric, photometric, spectroscopic and physical properties
of the 58 CAESAR stars, which we refer to as effectively single equatorial mid M-dwarfs.
Mass estimates in Table 2.1 are based on mass luminosity relations of Henry & McCarthy
(1993) and Henry et al. (1999); typical errors using these relations are close to 20%.
Of the 58 stars identified above as possible targets for precision planet searches among
equatorial mid M-dwarfs, only 33 of the stars have been included in past spectroscopic
searches for planetary companions (Barnes et al. 2012; Rodler et al. 2012; Tanner et al.
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2012; Bonfils et al. 2013a; Montet et al. 2014) and in some cases these searches only in-
cluded 2−3 epochs. In addition, four of the 58 stars do not have known projected rotational
velocity (vsini) values, and thus could be rapidly rotating (see Table 2.1).
For statistical purposes, it is also useful to note that there are an additional three close-
separation (<4′′) mid M-dwarf binaries that are wide companions to more massive stars (GJ
569BC, GJ 695 BC, GJ 867BD). These wide binaries are not included in our sample and
were not included in our original count of M-dwarf binaries, as these stars are all members
of higher-order systems. Also, the M7.0V GJ 105C (excluded from the sample and not in
the original count of M-dwarf systems) is a part of a triple system that has a higher mass
primary. We refer to this star as being a part of a close separation multiple as it is only
3.′′3 (Golimowski et al. 2000) from its higher mass primary. In total, there are 21 close-
separation (<4′′) mid M-dwarf multiples that are within the distance and declination range
of this sample (see Table 2.2). Also listed in the Table are 2MASS coordinates, parallaxes,
spectral types, absolute V magnitudes and the configurations of the systems. In Table 2.3,
we list near infrared photometry from 2MASS and optical photometry of the systems, as
one of the criteria to define mid M-dwarfs is based on the (V-K) colors of the system.
At the start of this program in 2008, two of the stars now excluded as binaries were
thought to be single stars and thus were included in our original sample. Subsequently,
GJ 867B (included in Table 2.2) has been determined to be a single-lined spectroscopic
binary with a period of 1.795 days (Davison et al. 2014). Likewise, LHS 1610AB (included
in Table 2.2) has been claimed to be a spectroscopic binary (Bonfils et al. 2013a), but its
orbital properties are unknown. Also, we treated G169-029 as a potential member of our
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sample, as it met the criteria of being an M-dwarf and had a preliminary parallax estimate
that placed it within 10 pc (our sample requires a published parallax within 10 pc). However,
later we determined this star is more distant (see §6.1). We note these 3 systems (GJ 867BD,
LHS 1610AB and G169-029) because we have obtained astrometric and RV data on these
systems along with the 58 CAESAR stars.
2.2 Rotational Velocity Sample
In an effort to obtain a less biased assessment of the projected rotational velocities of mid to
late M-dwarfs and measure how the rotational velocities vary with spectral type, we assemble
an independent ’vsini sample.’ This is constructed from the volume-limited RECONS 25
Parsec Database (Henry et al. 2014), which currently includes 3074 stars, brown dwarfs, and
exoplanets in 2168 systems3. All of the stars in this database have published trigonometric
parallaxes greater than 40 milli-arcseconds (mas; d<25 pc) with errors below 10 mas. From
this list, we select all mid M-dwarfs (stars with V−K values between 4.65 and 9.0 mag)
that lie between −30◦ and +65◦ Decl. and do not have known close companions within
3′′. See Table 2.4 for a list of 71 systems excluded due to a close companion that otherwise
met the criteria. Because this V−K range extends into the L spectral class, we exclude all
spectroscopically determined L-dwarfs from the literature, in order to focus on mid to late
M-dwarfs. Likewise, we cut all spectroscopically determined late K- or early M-dwarfs from
the literature. A total of 402 stars meet these criteria.
Since many of the stars do not have spectroscopically determined spectral types, we as-
sign spectral types for statistical uses only to our sample based on their V−K colors and the
33074 stars, brown dwarfs, and exoplanets in 2168 systems are included as of January 1, 2014.
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classification schemes of Bessell & Brett (1988) and Bessell et al. (1991). The mean V−K
values from Bessell & Brett (1988) and Bessell et al. (1991) are assembled in Table 2.6. By
interpolating these mean values, the V−K color ranges associated with each spectral type
have been determined.
Of the 402 stars in our comprehensive sample, 169 of these stars have published pro-
jected rotational velocity values (Browning et al. 2010; Barnes et al. 2014; Davison et al.
2014; Delfosse et al. 1998; Jenkins et al. 2009; Jones et al. 2005; Mohanty & Basri 2003;
Reiners & Basri 2007, 2010; Reiners et al. 2012; Stauffer & Hartmann 1986; Tanner et al.
2012; Houdebine & Mullan 2015). For six of these 169 stars, Bonfils et al. (2013a) did not
give the vsini values of their individual targets, however the authors did state the criteria
that all stars in their sample had to have vsini value below 6.5 km s−1. Therefore, we use 6.5
km s−1 an upper limit to the vsini value of these stars. In Table 2.5, we list the coordinates,
photometry, parallaxes and projected rotational velocities of the stars with published vsini
values. The full sample of 402 stars is illustrated in a color-magnitude diagram (Figure 2.2),
and the 169 stars with published vsini values are distinguished from the 233 stars without.
Although our sample is volume-limited, our results are still biased towards observing
brighter M-dwarfs. This bias is in part caused by only including objects in our sample that
have measured trigonometric parallaxes, which are generally brighter stars in the sky, and in
part by our observing strategy. Of the stars without vsini measurements in our sample, only
141 are bright enough (KS<9 mag) to be easily observed with CSHELL (Tokunaga et al.
1990; Greene et al. 1993) on NASA’s Infrared Telescope Facility (IRTF). Unfortunately,
this magnitude restriction translates into a sample that does not include many late type
21
Figure 2.2: V SINI sample. This sample includes 402 single (without known companions
within 4′′) mid M-dwarfs that lie between 30◦ and +65◦ in declination and have published
trignometric parallaxes greater than 40 milli-arcseconds. 169 (black diamonds) of these stars
have published projected rotational velocity values. Of the remaining 233 stars, 141 (blue
diamonds) are infrared bright (KS < 9) and are bright enough to observe with CSHELL.
M-dwarfs. Our sample may also be affected by the Malquist bias; this magnitude limit may
result in an over abundance of young stars and unknown binaries.
Our vsini statistics may also be biased due to classifying spectral types based on V−K
colors. As our selection criteria was based on the average V−K colors of old disk M-dwarfs,
we may have miscategorized young stars. Also, some dMe and late type dM stars are in-
trinsically variable on long timescales (∼0.02-0.10 mag) due to stellar activity (Bessell et al.
1991; Hosey et al. 2015) and may also be mis-labeled by half a spectral type.
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Table 2.1: Effectively Single Equatorial (±30◦ Decl.) mid M-dwarfs within 10 pc
Name R.A. Decl. Parallaxa SpTypeb Massc MV
d vsinie
(J2000.0) (J2000.0) (mas) (M⊙) (mag) (km s
−1)
GJ 1002 00 06 43.2 −07 32 17.0 213.00±3.601 M5.0V 0.11 15.48 <3.01
GJ 54.1 01 12 30.6 −16 59 56.3 269.08±2.991,2 M4.0Ve 0.13 14.30 <2.52
LHS 1302 01 51 04.1 −06 07 04.8 100.78±1.893 M4.5Ve 0.13 14.51 ...
GJ 83.1 02 00 13.0 +13 03 07.0 224.80±2.901 M4.0Ve 0.14 14.11 <2.52
LHS 1326 02 02 16.2 +10 20 13.7 112.00±3.201 M5.0Ve 0.10 15.95 <4.53
LHS 1375 02 16 29.8 +13 35 13.7 117.70±4.001 M5.0Ve 0.10 16.15 12.44
GJ 102 02 33 37.2 +24 55 39.2 102.40±2.701 M3.5Ve 0.17 13.10 ...
GJ 105B 02 36 15.4 +06 52 19.1 138.79±0.431,2,4 M3.5V 0.22 12.42 <2.52
SO 0253+16 02 53 00.8 +16 52 53.3 259.41±0.893,5 M7.0V 0.08 17.21 10.05
LP 771-95A 03 01 51.1 −16 35 30.7 143.81±2.493 M2.5V 0.25 12.01 5.56
GJ 1057 03 13 23.0 +04 46 29.3 117.10±3.501 M4.5V 0.13 14.28 <2.21
GJ 1065 03 50 44.3 −06 05 41.7 105.40±3.201 M3.5V 0.18 12.93 4.06
GJ 166C 04 15 21.7 −07 39 17.4 200.65±0.231,2 M4.0Ve 0.19 12.75 5.08
LP 655-48 04 40 23.3 −05 30 08.3 105.50±3.206 M6.0Ve 0.08 17.92 16.59
LHS 1723 05 01 57.4 −06 56 46.5 187.92±1.263 M4.0Ve 0.15 13.57 <3.27
GJ 203 05 28 00.2 +09 38 38.1 102.60±2.091,2 M3.0V 0.19 12.52 <4.06
GJ 213 05 42 09.3 +12 29 21.6 171.50±1.001,2,7 M3.5V 0.19 12.71 <2.52
G 99-49 06 00 03.5 +02 42 23.6 190.77±1.861,3 M3.5Ve 0.19 12.71 7.47
GJ 232 06 24 41.3 +23 25 58.6 119.40±2.301 M4.0V 0.15 13.55 <3.17
GJ 1093 06 59 28.7 +19 20 57.7 128.80±3.501 M5.0Ve 0.11 15.49 <2.81
GJ 273 07 27 24.5 +05 13 32.8 266.23±0.661,2,7 M3.0V 0.25 12.01 2.52
GJ 283B 07 40 19.2 −17 24 45.0 109.45±0.511,8,9 M6.5Ve 0.09 16.89 ...
GJ 285 07 44 40.2 +03 33 08.8 167.19±2.051,2 M4.0Ve 0.23 12.31 4.510
GJ 1103 07 51 54.7 −00 00 11.8 114.00±3.301 M4.5V 0.15 13.54 ...
GJ 299 08 11 57.6 +08 46 22.1 146.30±3.101 M3.5V 0.15 13.69 3.07
GJ 300 08 12 40.9 −21 33 06.8 125.78±0.973 M3.5V 0.20 12.65 <3.06
GJ 1111 08 29 49.3 +26 46 33.7 275.80±3.001 M6.0Ve 0.09 17.16 8.17
LHS 2090 09 00 23.6 +21 50 05.4 156.87±2.673 M6.0Ve 0.09 17.09 20.03
LHS 2206 09 53 55.2 +20 56 46.0 108.69±2.063,10 M4.0Ve 0.14 14.20 16.53
LHS 292 10 48 12.6 −11 20 08.2 220.30±3.601 M6.5Ve 0.08 17.50 3.01
GJ 402 10 50 52.0 +06 48 29.2 145.67±3.171,2 M4.0V 0.21 12.53 <2.52
GJ 406 10 56 28.9 +07 00 53.2 419.10±2.101 M5.0Ve 0.09 16.69 <3.01
GJ 447 11 47 44.4 +00 48 16.4 298.14±1.371,2 M4.0V 0.16 13.52 <2.52
GJ 1154 12 14 16.5 +00 37 26.4 119.40±3.501 M4.5Ve 0.14 14.03 5.21
GJ 1156 12 18 59.4 +11 07 33.9 152.90±3.001 M4.5Ve 0.12 14.87 9.27
GJ 486 12 47 56.6 +09 45 05.0 119.58±2.642 M4.0V 0.28 11.79 <2.52
GJ 493.1 13 00 33.5 +05 41 08.1 123.10±3.501 M4.5Ve 0.15 13.85 16.87
GJ 555 14 34 16.8 −12 31 10.3 160.78±1.981,2,11 M3.5V 0.22 12.37 <2.52
LHS 3003 14 56 38.3 −28 09 47.4 152.49±2.021,8,12 M7.0Ve 0.08 17.99 5.08
GJ 609 16 02 51.0 +20 35 21.8 100.30±3.101 M4.0V 0.20 12.59 <3.07
GJ 628 16 30 18.1 −12 39 45.4 234.38±1.501,2 M3.0V 0.26 11.92 1.510
GJ 643 16 55 25.3 −08 19 20.8 154.96±0.521,8,13,14 M3.0V 0.19 12.72 <2.77
GJ 644C 16 55 35.3 −08 23 40.1 154.96±0.521,8,13,14 M7.0Ve 0.08 17.80 9.01
GJ 1207 16 57 05.7 −04 20 56.0 115.26±1.503 M3.5Ve 0.19 12.56 10.76
GJ 699 17 57 48.5 +04 41 36.2 545.51±0.291,2,15 M3.5V 0.17 13.17 <2.52
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Table 2.1 – Continued
Name R.A. Decl. Parallaxa SpTypeb Massc MV
d vsinie
(J2000.0) (J2000.0) (mas) (M⊙) (mag) (km s
−1)
GJ 1224 18 07 32.9 −15 57 47.0 132.60±3.701 M4.0Ve 0.14 14.09 <3.010
GJ 1230B 18 41 09.8 +24 47 19.5 120.90±7.201 M4.5Ve 0.19 12.74 <7.11
GJ 729 18 49 49.4 −23 50 10.4 337.22±1.971,2 M3.5Ve 0.17 13.14 4.02
GJ 752B 19 16 57.6 +05 09 02.2 171.20±0.501,2,16,17 M8.0Ve 0.07 18.62 6.51
GJ 1235 19 21 38.7 +20 52 02.8 100.10±3.501 M4.0Ve 0.16 13.47 ...
GJ 1256 20 40 33.6 +15 29 57.2 102.00±2.201 M4.0V 0.16 13.51 <6.511
LP 816-60 20 52 33.0 −16 58 29.0 175.03±3.402 M3.0V 0.19 12.72 <6.511
G 188-038 22 01 13.1 +28 18 24.9 111.70±1.731,2 M3.5Ve 0.23 12.29 35.16
LHS 3799 22 23 07.0 −17 36 26.1 134.40±4.901 M4.5Ve 0.14 13.94 <6.511
LP 876-10 22 48 04.5 −24 22 07.5 132.07±1.1918 M4.0Ve 0.17 13.19 22.012
GJ 896A 23 31 52.2 +19 56 14.3 159.88±1.531,2,19 M3.5Ve 0.33 11.32 10.08
GJ 896B 23 31 52.6 +19 56 13.9 159.88±1.531,2,19 M4.0Ve 0.16 13.42 15.08
GJ 1286 23 35 10.5 −02 23 20.8 138.30±3.501 M5.0Ve 0.11 15.43 <5.71
aWhen multiple parallax references are listed for a system, the reported value here is the
weighted mean for each system. Parallax references, listed as numerical superscripts, are as
follows: (1) van Altena et al. (1995); (2) van Leeuwen (2007); (3) Henry et al. (2006); (4)
Ianna et al. (1996); (5) Gatewood & Coban (2009); (6) Shkolnik et al. (2012); (7) Gatewood
(2008); (8) Costa et al. (2005); (9) Subasavage et al. (2009); (10) Smart et al. (2010); (11)
Jao et al. (2005); (12) Tinney (1996); (13) So¨derhjelm (1999); (14) Martin et al. (1998);
(15) Benedict et al. (1999); (16) Tinney et al. (1995); (17) Pravdo & Shaklan (2009); (18)
Mamajek et al. (2013); (19) Weis (1996). This table only includes previously published par-
allax measurements. New astrometric measurements from this paper are given in Table 6.2.
bRECONS spectral types are determined in section 3.2. The uncertainty in all cases is ±0.5
spectral sub-classes.
cMasses are determined using the mass-luminosity relationship of Henry et al. (1999) for
stars with Mv > 12.89 mag, and the relationship of Henry & McCarthy (1993) for brighter
stars. Typical errors using these relations are close to 20%.
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dUsing our photometric measurements given in Table 4.1 and the previously published par-
allax data, the absolute magnitude errors range from 0.03 to 0.08 mag.
evsini references, listed as a numerical superscript, are as follows: (1) Mohanty & Basri
(2003); (2) Browning et al. (2010); (3) Jenkins et al. (2009); (4) Barnes et al. (2014); (5)
Tanner et al. (2012); (6) Reiners (2013); (7) Delfosse et al. (1998); (8) Jones et al. (2005);
(9) Reiners & Basri (2010); (10) Reiners & Basri (2007); (11) Bonfils et al. (2013a); (12)
Mamajek et al. (2013).
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Table 2.2: Close-separation mid M-Dwarf Equatorial Multiples within 10 pc
Name R.A. Decl. Parallaxa SpTypeb MV Config
c
(J2000.0) (J2000.0) (mas) (mag)
GJ 1005AB 00 15 27.7 −16 07 56.0 168.42±0.891,2,3,4 M4.0VJ1 13.75 AB
GJ 2005ABC 00 24 44.2 −27 08 25.2 129.71±2.431,5 M5.5VJ2 15.98 ABC
GJ 65AB 01 39 01.5 −17 57 01.8 373.70±2.701 M5.5V1 14.92 AB
GJ 105C 02 36 04.7 +06 53 14.8 138.79±0.431,6,7 M7.0V3 ... AC-B
LP 771-096BC 03 01 51.4 −16 35 36.1 143.81±2.496,8 M3.5VJ4 12.16 A-BCd
LHS 1610AB 03 52 41.7 +17 01 05.7 100.88±2.058 M4.0VJ4 13.87 AB
GJ 190AB 05 08 35.1 −18 10 19.4 107.57±2.081,6 M3.5VJ2 10.48 AB
GJ 234AB 06 29 23.4 −02 48 50.3 244.44±0.921,2,9 M4.5VJ4 13.06 AB
LTT 17993AB 07 36 25.1 +07 04 43.2 116.60±0.978 M4.5VJ2 13.58 AB
GJ 1116AB 08 58 15.2 +19 45 47.1 191.20±2.501 M5.5VJ1 15.06 AB
LTT 12352AC 08 58 56.3 +08 28 25.9 147.66±1.988 M3.5VJ4 11.77 AC-B
GJ 473AB 12 33 16.3 +09 01 26.0 227.90±4.601 M5.5VJ1 14.28 AB
GJ 569BC 14 54 29.4 +16 06 08.9 100.62±1.281,6 M8.5VJ5 ... A-BC
GJ 644ABD 16 55 29.6 −08 19 55.3 154.96±0.521,2,5,10 M2.5VJ1 9.98 ABE-C-De
GJ 695BC 17 46 25.1 +27 43 01.4 120.32±0.161,6 M3.5VJ2 10.26 AD-BC
GJ 1230AC 18 41 09.8 +24 47 14.4 120.90±7.201 M4.5VJ1 12.57 AC-B
GJ 791.2AB 20 29 48.3 +09 41 20.2 112.90±0.301,6 M4.5VJ5 13.34 AB
GJ 829AB 21 29 36.8 +17 38 35.9 149.01±1.691,6 M3.4VJ1 11.17 AB
GJ 831AB 21 31 18.6 −09 47 26.5 128.21±2.051,6 M4.5VJ1 12.58 AB
GJ 866ABC 22 38 33.7 −15 17 57.3 289.50±4.401 M5.0VJ1 14.68 ABC
GJ 867BD 22 38 45.3 −20 36 51.9 113.37±1.041,6,11 M3.5VJ6 11.75 AC-BD
aWhen multiple parallax references are listed, the reported value here is the weighted
mean for each system. Parallax references, listed as a numerical superscript, are as fol-
lows: (1) van Altena et al. (1995); (2) So¨derhjelm (1999); (3) Smart et al. (2010); (4)
Hershey & Taff (1998); (5) Costa et al. (2005); (6) van Leeuwen (2007); (7) Ianna et al.
(1996); (8) Henry et al. (2006); (9) Gatewood et al. (2003); (10) Martin et al. (1998); (11)
Davison et al. (2014).
bJ represents a joint spectral type when two or more stars cannot be deconvolved into their
individual components. Spectral type References: (1) Henry et al. (1994); (2) Reid et al.
(1995); (3) Golimowski et al. (2000); (4); Henry et al. (2006); (5) Kirkpatrick et al. (1991);
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(6) Davison et al. (2014).
cSystem Configuration. We indicate widely (>4′′) separated pairs with a hyphen. There is
no spacing between components with separations less than 4′′ (e.g. AB).
dLP 771-096BC is a distant companion to LP 771-095, which is labeled A under this con-
figuration.
eGJ 643 is labeled D under this configuration.
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Table 2.3: Photometry of Close-separation mid M-Dwarf
Multiples within 10 pc
Name V a Ra I a J b H b KS
b
(mag) (mag) (mag) (mag) (mag) (mag)
GJ 1005AB 12.621 11.461 10.051 7.22 6.71 6.39
GJ 2005ABC 15.422 13.712 11.562 9.25 8.55 8.24
GJ 65AB 12.062 10.402 8.342 6.28 5.69 5.34
GJ 105C ... ... ... ... ... ...
LP 771-096BCf 11.373 10.133 8.583 7.29 6.77 6.50
LHS 1610AB 13.853 12.423 10.663 8.93 8.38 8.05
GJ 190AB 10.324 9.174 7.674 6.17 5.59 5.31
GJ 234AB 11.124 9.784 8.084 6.38 5.75 5.49
LTT 17993AB 13.253 11.813 9.973 8.18 7.61 7.28
GJ 1116AB 13.655 11.975 9.835 7.79 7.24 6.89
LTT 12352AC 10.923 9.673 8.053 6.51 5.97 5.69
GJ 473AB 12.494 10.934 8.974 7.00 6.40 6.04
GJ 569BC ... ... ... ... ... ...
GJ 644ABD 9.034 7.944 6.574 5.27 4.78 4.40
GJ 695BC 9.866 8.706 7.256 5.77 5.17 4.95
GJ 1230AC 12.165 10.825 9.075 7.53 6.91 6.62
GJ 791.2AB 13.084 11.734 9.984 8.23 7.67 7.31
GJ 829AB 10.307 9.157 7.707 6.25 5.74 5.45
GJ 831AB 12.044 10.744 9.044 7.32 6.70 6.38
GJ 866ABC 12.372 10.702 8.642 6.55 5.95 5.54
GJ 867BD 11.454 10.294 8.784 7.34 6.82 6.49
aWe give joint photometry of the close binary stars as these close systems cannot be decon-
volved into their individual components. All stars with spectral types denoted by the letter
J in Table 2.2 also have joint photometry. V, R and I references, listed as a numerical su-
perscript, are as follows: (1) Riedel et al. (2010); (2) Bessell (1991); (3) Henry et al. (2006);
(4) Bessel (1990); (5) Weis (1996); (6) Davison et al. (2015); (7) Weis (1991).
bAll J, H, Ks magnitudes are from the 2MASS All Sky Catalogue of point sources from
Skrutskie et al. (2006).
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Table 2.4: Close-separation (<3′′) mid- to late- M-dwarfs
Multiples within 25 pc
Name R.A. J2000.0 Decl. J2000.0 REFa
GJ 1005AB 00 15 28.07 −16 08 01.8 1
GJ 2005ABC 00 24 44.19 −27 08 24.2 2
LP 349-025AB 00 27 55.99 +22 19 32.5 3
LTT 10301AB 00 50 33.23 +24 49 00.9 4
GJ 1041BC 01 59 12.60 +03 31 11.3 5
GJ 1047AB 02 21 04.04 +36 53 04.7 6
LTT 17492AB 03 17 12.20 +45 22 22.1 7
LP 532-081AB 03 25 42.25 +05 51 51.9 8
LHS 1582AB 03 43 22.08 −09 33 50.9 9
LHS 1610AB 03 52 41.76 +17 01 04.3 10
LHS 1630AB 04 07 20.51 −24 29 13.7 11
GJ 164AB 04 12 58.80 +52 36 41.9 12
GJ 165AB 04 13 10.15 +50 31 41.4 6
LTT 11472AB 04 38 12.59 +28 13 00.1 11
2MA 0446-1116AB 04 46 51.74 −11 16 47.7 13
LP 717-036AB 05 25 41.67 −09 09 12.6 4
GJ 206AB 05 32 14.67 +09 49 15.0 5
GJ 1081AB 05 33 19.13 +44 48 58.7 14
GJ 207.1AB 05 33 44.81 +01 56 43.4 15
GJ 1083AB 05 40 25.72 +24 48 08.3 16
LHS 1864AB 06 43 49.71 +51 08 20.1 6
LHS 1885AB 06 57 57.08 +62 19 19.4 17
LHS 224AB 07 03 55.73 +52 42 06.6 11
GJ 263AB 07 04 17.70 −10 30 31.6 11
GJ 268AB 07 10 01.81 +38 31 46.0 18
LHS 1901AB 07 11 11.44 +43 29 58.1 19
GJ 268.3AB 07 16 19.77 +27 08 33.0 11
GJ 275.2AD 07 30 42.78 +48 11 58.6 20
GJ 277AC 07 31 57.70 +36 13 09.7 11
LTT 17993AB 07 36 25.13 +07 04 43.1 21
LHS 1955AB 07 54 54.80 −29 20 56.4 9
GJ 1108BC 08 08 55.44 +32 49 04.7 5
GJ 308AB 08 28 22.13 +35 00 59.1 22
GJ 2069BD 08 31 37.42 +19 23 49.2 11
GJ 2069ACE 08 31 37.58 +19 23 39.4 11
LP 726-012BC 08 48 36.95 −13 53 08.8 16
GJ 326AB 08 54 05.29 −13 07 31.1 6
LHS 2071AB 08 55 20.25 −23 52 15.2 9
GJ 1116AB 08 58 15.16 +19 45 47.2 23
GJ 1138AB 10 49 45.55 +35 32 50.5 11
LHS 2397aB 11 21 49.19 −13 13 08.5 24
GJ 1155AB 12 16 51.87 +02 58 04.9 25
GJ 469AB 12 28 57.60 +08 25 31.7 14
GJ 473AB 12 33 17.41 +09 01 15.7 14
NLTT 33370AB 13 14 20.40 +13 20 01.2 26
GJ 516AB 13 32 44.64 +16 48 39.3 27
GJ 568AB 14 53 51.45 +23 33 20.8 28
GJ 595AB 15 42 06.54 −19 28 18.4 29
GJ 630.1AB 16 34 20.33 +57 09 49.7 30
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Table 2.4 – Continued
Name R.A. J2000.0 Decl. J2000.0 REFa
GJ 1210AB 17 07 40.85 +07 22 06.7 31
G 203-047AB 17 09 31.55 +43 40 53.0 32
GJ 660AB 17 11 52.32 −01 51 06.0 33
GJ 1212AB 17 13 40.46 −08 25 14.7 15
GJ 695BC 17 46 25.08 +27 43 01.6 34
LP 390-016AB 18 13 06.58 +26 01 51.9 35
GJ 1230AB 18 41 09.77 +24 47 14.3 36
GJ 747AB 19 07 43.00 +32 32 41.5 37
GJ 748AB 19 12 14.60 +02 53 11.0 14
GJ 766AB 19 45 45.49 +27 07 31.7 38
GJ 1245AC 19 53 54.50 +44 24 53.3 14
GJ 791.2AB 20 29 48.32 +09 41 20.2 39
GJ 802ABC 20 43 19.27 +55 20 53.0 40
GJ 810AC 20 55 37.76 −14 02 08.0 41
LTT 16240AC 21 16 05.80 +29 51 51.2 13
GJ 831AB 21 31 18.64 −09 47 26.4 14
GJ 852BC 22 17 18.67 −08 48 19.1 11
GJ 860AB 22 28 00.38 +57 41 49.1 6
GJ 856AB 22 23 29.11 +32 27 34.0 42
GJ 867BD 22 38 45.29 −20 36 51.9 43
GJ 1284AB 23 30 13.45 −20 23 27.4 44
LHS 4009AB 23 45 31.26 −16 10 20.1 19
aBinary references: (1) Hershey & Taff (1998); (2) Leinert et al. (1994); (3) Forveille et al.
(2005); (4) Bergfors et al. (2010); (5) Shkolnik et al. (2010); (6) Gliese & Jahreiß (1991); (7)
Pravdo et al. (2006); (8) van Altena et al. (1995); (9) Riedel et al. (2010); (10) Bonfils et al.
(2013a); (11) Beuzit et al. (2004); (12) Martinache et al. (2009); (13) Shkolnik et al. (2012);
(14) Henry et al. (1999); (15) Reiners et al. (2012); (16) Janson et al. (2014); (17) Law et al.
(2008); (18) Tomkin & Pettersen (1986); (19) Montagnier et al. (2006); (20) Harrington et al.
(1993); (21) Oppenheimer et al. (2001); (22) Malkov et al. (2012); (23) Dieterich et al.
(2012); (24) Freed et al. (2003); (25) Mason et al. (2009); (26) Schlieder et al. (2014); (27)
Mason et al. (2011); (28) ESA (1997); (29) Nidever et al. (2002); (30) Lacy (1977); (31)
Horch et al. (2011); (32) Delfosse et al. (1999); (33) Blazit et al. (1987); (34) Hartkopf & Mason
(2009); (35) Shkolnik et al. (2009); (36) Gizis & Reid (1996); (37) Delfosse et al. (2000);
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(38) Lampens et al. (2007); (39) Hershey (1978); (40) Ireland et al. (2008); (41) Jao et al.
(2011); (42) Høg et al. (2000); (43) Davison et al. (2014); (44) Gizis et al. (2002).
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Table 2.5: Projected Rotational Velocity Measurements from the Literature
Name R.A. Decl. V MV
a KS
b V−K Parallaxc vinid
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
GJ 1002 00 06 43.26 −07 32 14.7 13.841 15.48 7.44 6.40 213.00±3.601 <3.01
GJ 12 00 15 49.20 +13 33 21.9 12.622 12.30 7.81 4.81 86.42±2.031,2,3,4 1.02
GJ 15B 00 18 25.50 +44 01 37.6 11.063 13.29 5.95 5.11 279.87±0.601,5,6 <3.11
LHS 112 00 20 29.22 +33 05 08.2 16.093 15.59 9.33 6.76 79.30±3.701 ≤4.53
GJ 1012 00 28 39.48 −06 39 48.1 12.173 11.56 7.19 4.98 75.40±5.101 <3.04
RG 0050-2722 00 52 54.69 −27 05 59.7 21.544 19.60 12.54 9.00 41.00±4.001 4.05
GJ 46 00 58 27.89 −27 51 25.1 11.775 11.31 6.89 4.88 80.75±3.131,6 <3.04
GJ 1029 01 05 37.32 +28 29 34.0 13.783 13.28 8.55 5.23 79.30±3.001 4.13
LP 647-13 01 09 51.17 −03 43 26.4 19.276 19.36 10.43 8.84 104.23±2.297 13.06
GJ 54.1 01 12 30.53 −16 59 57.0 12.151 14.30 6.42 5.73 269.08±2.991,6 <2.57
GJ 1034 01 16 28.94 +24 19 28.2 15.003 13.41 9.91 5.09 48.10±4.501 ≤4.53
GJ 82 01 59 23.51 +58 31 16.1 12.217 11.77 6.96 5.25 81.69±3.411,6 13.84
GJ 83.1 02 00 12.79 +13 03 11.2 12.351 14.11 6.65 5.70 224.80±2.901 <2.57
LHS 1326 02 02 16.21 +10 20 13.7 15.701 15.95 8.93 6.77 112.00±3.201 ≤4.53
GJ 84.1B 02 05 24.67 −28 03 15.2 12.775 10.95 8.04 4.74 43.24±2.061,6 <3.04
LHS 1375 02 16 29.78 +13 35 13.7 15.801 16.15 8.98 6.82 117.70±4.001 12.48
LHS 1377A 02 16 41.19 −30 59 18.1 12.0310 11.25 7.13 4.90 69.81±3.106 <3.04
LHS 1378 02 17 09.93 +35 26 33.0 15.903 15.82 9.01 6.89 96.40±1.101 28.23
GJ 105B 02 36 15.36 +06 52 19.1 11.711 12.42 6.57 5.14 138.79±0.431,6,8 <2.57
LHS 1426 02 37 29.71 +00 21 27.3 15.168 13.18 9.69 5.47 40.20±4.301 4.93
LHS 1443 02 46 34.86 +16 25 11.6 17.044 16.22 10.19 6.86 68.50±3.501,9 6.23
LP 771-021 02 48 41.00 −16 51 21.7 19.219 18.16 11.42 7.79 61.60±5.4010 ≤3.06
SO 0253+1652 02 53 00.85 +16 52 53.3 15.141 17.21 7.59 7.56 259.41±0.8911,12,13 <3.09
LP 771-095 03 01 51.43 −16 35 35.7 11.221 12.01 6.50 4.72 143.81±2.496,11 5.54
GJ 1055 03 09 00.16 +10 01 25.8 14.853 14.47 9.07 5.78 83.90±4.001 4.73
GJ 1057 03 13 23.00 +04 46 29.4 13.941 14.28 7.83 6.11 117.10±3.501 <2.21
LP 412-31 03 20 59.65 +18 54 23.3 18.8811 18.07 10.64 8.24 68.80±0.597,14 12.05
GJ 1065 03 50 44.32 −06 05 40.0 12.821 12.93 7.75 5.07 105.40±3.201 <3.09
LHS 1604 03 51 00.05 −00 52 45.3 18.1110 17.28 10.23 7.88 68.10±1.801 6.56
GJ 157B 03 57 28.92 −01 09 23.2 11.6112 10.66 6.93 4.68 64.58±1.041,6 <10.010
GJ 166C 04 15 21.73 −07 39 17.4 11.241 12.75 5.96 5.28 200.65±0.231,6 5.51
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Table 2.5 – Continued
Name R.A. Decl. V a MV KS
b V−K Parallaxc vinid
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
GJ 169.1A 04 31 11.48 +58 58 37.6 11.043 12.32 5.72 5.32 180.52±0.781,6 <1.91
LP 655-048 04 40 23.25 −05 30 08.3 17.791 17.91 9.55 8.25 105.50±3.2015 16.56
LHS 197 04 46 18.50 +48 44 51.9 17.2913 15.87 10.76 6.53 52.10±0.901 ≤4.53
GJ 179 04 52 05.73 +06 28 35.6 11.985 11.52 6.94 5.04 80.82±3.781,6 <2.57
LHS 1723 05 01 57.47 −06 56 45.9 12.201 13.57 6.74 5.46 187.92±1.2611 <3.09
LHS 1731 05 03 20.10 −17 22 24.6 11.6914 11.87 6.94 4.75 108.66±1.676,16 <2.57
GJ 1078 05 23 48.99 +22 32 39.7 15.528 13.93 9.85 5.67 48.00±4.501 7.23
GJ 203 05 28 00.15 +09 38 38.3 12.471 12.53 7.54 4.93 102.60±2.091,6 <3.09
LTT 11684 05 34 52.12 +13 52 47.2 11.817 11.34 6.94 4.87 80.60±9.801 <2.57
GJ 213 05 42 08.98 +12 29 25.3 11.541 12.71 6.39 5.15 171.50±1.001,6,5 <2.57
GJ 2045 05 42 12.72 −05 27 56.7 15.2914 14.79 9.37 5.92 79.58±1.151,7,16,17 4.63
LHS 1785 05 47 09.07 −05 12 10.7 14.5810 13.43 9.18 5.40 58.80±1.901 4.53
G 99-049 06 00 03.51 +02 42 23.6 11.311 12.71 6.04 5.27 190.77±1.861,11 5.811
LHS 1805 06 01 11.07 +59 35 50.8 11.713 12.31 6.64 5.07 132.10±4.901,9 <2.57
LHS 1809 06 02 29.18 +49 51 56.2 14.533 14.69 8.44 6.10 107.70±2.601 4.33
LP 838-016 06 07 43.75 −25 44 41.4 11.8915 11.62 7.17 4.72 88.14±2.506 <2.57
GJ 232 06 24 41.32 +23 25 58.6 13.161 13.55 7.91 5.25 119.40±2.301 <3.09
LHS 1857 06 36 06.39 +11 37 03.2 14.243 12.93 8.99 5.25 54.70±2.401 4.03
G 108-021A 06 42 11.18 +03 34 52.7 12.0616 11.96 7.33 4.73 95.70±8.501 0.92
GJ 251 06 54 49.03 +33 16 05.9 10.023 11.27 5.28 4.75 178.11±1.431,6 <2.57
GJ 1093 06 59 28.69 +19 20 57.7 14.941 15.49 8.23 6.71 128.80±3.501 ≤2.81
GJ 273 07 27 24.50 +05 13 32.8 9.881 12.01 4.86 5.02 266.23±0.661,6,5 <2.57
GJ 1097 07 28 45.41 −03 17 52.4 11.433 11.10 6.70 4.73 86.08±1.831,6 <2.57
GJ 277B 07 31 57.35 +36 13 47.8 11.7817 11.41 6.76 5.03 84.44±1.811,6 <4.04
LHS 1935 07 38 40.89 −21 13 27.6 11.723 11.59 7.06 4.66 94.31±3.316 <2.57
GJ 285 07 44 40.18 +03 33 09.0 11.191 12.31 5.70 5.49 167.19±2.051,6 5.012
LHS 1950 07 51 51.38 +05 32 57.3 14.723 13.71 9.09 5.63 62.70±3.101 <2.53
LP 423-31 07 52 23.90 +16 12 15.7 17.044 15.72 9.85 7.19 54.37±1.0013 9.06
GJ 1105 07 58 12.70 +41 18 13.5 11.983 12.43 6.88 5.10 123.13±2.481,18 <2.01
GJ 299 08 11 57.58 +08 46 22.1 12.861 13.69 7.66 5.20 146.30±3.101 3.01
GJ 300 08 12 40.88 −21 33 05.7 12.151 12.65 6.71 5.45 125.78±0.971,11 <3.04
GJ 1111 08 29 49.50 +26 46 34.8 14.961 17.16 7.26 7.70 275.80±3.001 11.05
GJ 317 08 40 59.24 −23 27 23.3 12.005 11.08 7.03 4.97 65.33±0.401,19 <2.57
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Table 2.5 – Continued
Name R.A. Decl. V a MV KS
b V−K Parallaxc vinid
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
LHS 252 08 41 20.13 +59 29 50.6 15.053 15.05 8.67 6.38 99.80±3.401,9 4.03
GJ 324B 08 52 40.85 +28 18 58.9 13.134 12.66 7.67 5.46 80.65±0.721,6 <2.57
LHS 2065 08 53 36.20 −03 29 32.1 18.7418 19.05 9.94 8.80 115.51±1.171,7,4 12.05
LHS 2090 09 00 23.59 +21 50 05.4 16.111 17.09 8.44 7.67 156.87±2.6711 20.03
GJ 1119 09 00 32.54 +46 35 11.8 13.323 13.25 7.74 5.58 96.90±2.701 <4.04
LHS 265 09 17 46.00 +58 25 22.4 15.213 14.25 9.40 5.81 64.40±4.001,9 3.93
GJ 1125 09 30 44.58 +00 19 21.4 11.723 11.74 6.87 4.85 100.95±2.481,6 <2.57
GJ 359 09 41 02.00 +22 01 29.2 14.243 13.73 8.81 5.43 79.00±3.801 3.23
LHS 2181 09 43 55.63 +26 58 08.6 12.053 11.32 7.19 4.86 71.29±4.496 <4.04
GJ 1129 09 44 47.32 −18 12 48.9 12.4619 12.32 7.26 5.20 93.89±2.4920 <3.04
LHS 2206 09 53 55.23 +20 56 46.0 14.021 14.20 8.33 5.69 108.69±2.0611,4 16.53
GJ 377 10 01 10.74 −30 23 24.5 11.4420 10.41 6.70 4.74 62.23±2.461,6 <3.04
GJ 388 10 19 36.35 +19 52 12.2 9.29 4 10.84 4.59 4.70 204.60±2.801 ∼3.012
GJ 1134 10 41 38.10 +37 36 39.8 12.983 12.91 7.71 5.27 96.70±2.301 4.13
LHS 292 10 48 12.58 −11 20 08.2 15.781 17.50 7.93 7.85 220.30±3.601 <3.09
GJ 402 10 50 52.01 +06 48 29.3 11.701 12.52 6.37 5.33 145.67±3.171,6 <2.57
GJ 406 10 56 28.87 +07 00 52.8 13.581 16.69 6.08 7.50 419.10±2.101 <2.91
GJ 412B 11 05 31.33 +43 31 17.1 14.445 16.01 7.84 6.60 205.67±0.931,6 7.71
LHS 2351 11 06 18.97 +04 28 32.7 19.5618 17.97 11.33 8.23 48.10±3.1010 <16.013
LHS 302 11 23 08.00 +25 53 37.0 15.143 13.93 9.46 5.68 57.20±3.701,9 ≤2.53
GJ 1148 11 41 44.72 +42 45 07.3 11.923 11.66 6.82 5.10 88.81±2.141,6 <2.57
GJ 447 11 47 44.41 +00 48 16.4 11.161 13.53 5.65 5.51 298.14±1.371,6 <2.57
GJ 1151 11 50 57.88 +48 22 39.6 13.243 13.67 7.64 5.60 122.10±2.901,9 <4.11
GJ 452.1e 11 54 07.88 +09 48 22.7 12.815 12.55 7.87 4.94 88.51±3.651,3,4 <6.514
LHS 2520 12 10 05.60 −15 04 15.7 12.092 11.55 6.86 5.23 77.93±2.412 <2.01
GJ 1154 12 14 16.54 +00 37 26.4 13.641 14.03 7.54 6.10 119.40±3.501 5.21
GJ 1156 12 18 59.40 +11 07 33.9 13.951 14.87 7.57 6.38 152.90±3.001 16.19
GJ 480 12 38 52.43 +11 41 46.2 11.515 10.78 6.69 4.82 71.34±2.541,6 <3.04
GJ 486 12 47 56.64 +09 45 05.0 11.401 11.79 6.36 5.04 119.58±2.641,6 <2.57
LHS 2651 12 55 56.81 +50 55 21.9 14.423 12.84 9.61 4.82 48.40±4.001 3.93
GJ 490B 12 57 39.35 +35 13 19.5 13.2021 11.71 8.02 5.18 50.28±2.301,6 <10.010
GJ 493.1 13 00 33.51 +05 41 08.1 13.401 13.85 7.66 5.74 123.10±3.501 16.81
GJ 512A 13 28 21.06 −02 21 36.5 11.425 10.73 6.61 4.81 72.84±2.701,6 <4.04
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Table 2.5 – Continued
Name R.A. Decl. V a MV KS
b V−K Parallaxc vinid
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
LHS 2784 13 42 43.29 +33 17 25.5 11.973 12.15 6.98 4.99 108.51±3.101,6 <3.09
LHS 2794 13 45 50.75 −17 58 04.7 11.863 11.81 6.90 4.96 97.62±5.036 <2.57
LHS 2836 13 59 10.46 −19 50 03.5 12.882 12.72 7.45 5.44 92.86±0.892 <3.04
LHS 2876B 14 12 12.16 −00 35 16.5 20.1418 18.16 12.09 8.05 40.20±3.401 9.05
GJ 1182f 14 15 32.54 +04 39 31.2 14.303 13.58 8.62 5.68 71.70±3.401 6.83
GJ 545 14 20 07.39 −09 37 12.7 12.845 12.11 7.98 4.86 71.40±1.301,3,4,16 <4.04
LHS 2930f 14 30 37.88 +59 43 24.9 17.8813 17.96 9.79 8.09 103.80±1.301 18.73
GJ 553.1 14 31 01.20 −12 17 45.2 11.955 11.76 6.96 4.99 91.78±3.701,6 <2.57
GJ 555 14 34 16.83 −12 31 10.7 11.341 12.37 5.94 5.40 160.78±1.981,6,16 <2.57
GJ 1186 14 53 37.19 +11 34 12.4 15.298 13.93 9.65 5.64 53.50±4.101 3.93
LHS 3003 14 56 38.31 −28 09 47.4 17.071 17.99 8.93 8.14 152.49±2.021,7,10 6.015
GJ 1187 14 57 53.75 +56 39 24.2 15.533 15.28 9.27 6.26 89.00±4.601 13.63
GJ 581 15 19 26.90 −07 43 20.1 10.5514 11.57 5.84 4.71 160.12±1.331,6,16,21 <2.57
GJ 585 15 23 51.13 +17 27 57.0 13.725 13.37 8.28 5.44 85.10±2.901 3.13
LHS 3075 15 29 43.93 +42 52 49.9 14.213 12.75 8.72 5.49 51.10±4.401 <2.53
GJ 592 15 36 58.68 −14 08 00.6 12.705 12.07 7.57 5.13 74.90±3.801 <3.04
GJ 609 16 02 50.99 +20 35 21.8 12.581 12.59 7.37 5.21 100.30±3.101 <3.04
GJ 628 16 30 18.09 −12 39 43.4 10.071 11.92 5.08 4.99 234.38±1.501,6 1.512
GJ 2121 16 30 13.14 −14 39 49.5 12.353 10.60 7.60 4.75 44.58±5.363 2.12
GJ 643 16 55 25.27 −08 19 20.8 11.771 12.72 6.72 5.05 154.96±0.521,6,7,22,23,24 <2.71
GJ 644C 16 55 35.29 −08 23 40.1 16.851 17.80 8.82 8.03 154.96±0.521,6,7,22,23,24 9.05
GJ 1207 16 57 05.71 −04 20 56.0 12.251 12.56 7.12 5.13 115.26±1.501,11 10.74
LTT 15087 17 11 34.72 +38 26 34.1 11.6122 11.21 6.80 4.81 83.31±1.986 <2.57
GJ 1214e 17 15 18.94 +04 57 49.7 14.683 14.12 8.78 5.90 77.20±5.401 <6.514
GJ 669B 17 19 52.98 +26 30 02.6 12.9916 12.81 7.35 5.64 92.24±1.871,6 6.14
GJ 669A 17 19 54.22 +26 30 03.0 11.4216 11.24 6.42 5.00 92.24±1.871,6 <4.04
LHS 3333 17 50 15.13 +23 45 51.1 13.5023 11.76 8.45 5.05 44.80±4.101 ≤4.53
GJ 699 17 57 48.50 +04 41 36.2 9.571 13.25 4.52 5.05 545.51±0.291,6,25 <2.57
LHS 3343A 17 57 50.96 +46 35 18.2 11.683 10.91 7.00 4.68 69.99±1.441,4,6 <4.04
GJ 1223 18 02 46.25 +37 31 04.9 14.793 14.40 8.89 5.90 83.50±3.901 ≤4.53
GJ 1224 18 07 32.93 −15 57 46.5 13.491 14.10 7.83 5.66 132.60±3.701 <3.015
LHS 462 18 18 04.28 +38 46 34.2 11.883 11.61 7.22 4.66 88.40±3.601 <2.57
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Table 2.5 – Continued
Name R.A. Decl. V a MV KS
b V−K Parallaxc vinid
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
GJ 1227 18 22 27.19 +62 03 02.5 13.465 13.88 7.74 5.72 121.50±2.201 <2.31
GJ 725B 18 42 46.89 +59 37 37.4 9.69 3 11.96 5.00 4.69 283.83±1.461,6 <2.57
LHS 3406 18 43 22.13 +40 40 21.0 18.289 17.53 10.31 7.97 70.70±0.801 5.06
GJ 729 18 49 49.36 −23 50 10.4 10.491 13.13 5.37 5.12 337.22±1.971,6 4.07
GJ 734B 18 54 53.81 +10 58 43.5 12.3012 10.86 6.56 5.74 51.56±2.541,18 1.416
GJ 1232e 19 09 50.98 +17 40 07.5 13.503 13.36 7.90 5.60 93.60±2.801 <6.514
GJ 752B 19 16 57.62 +05 09 02.1 17.451 18.62 8.77 8.69 171.20±0.501,6,26,27 6.55
GJ 1236e 19 22 02.07 +07 02 31.0 12.393 12.23 7.69 4.70 92.90±2.501 <6.514
LHS 3459 19 22 40.90 +29 26 02.6 15.353 13.72 9.97 5.38 47.30±4.101 ≤4.53
GJ 1243 19 51 09.31 +46 28 59.9 12.8324 12.45 7.77 5.06 84.10±2.401 22.04
GJ 1245B 19 53 55.09 +44 24 55.0 14.013 15.73 7.39 6.62 220.68±0.971,4 6.81
GJ 1250 20 08 17.86 +33 18 12.3 14.888 13.20 9.08 5.80 46.20±5.401 15.73
GJ 1253 20 26 05.29 +58 34 22.5 14.048 14.20 8.10 5.96 107.50±3.601 ≤4.53
GJ 1254 20 33 40.31 +61 45 13.6 12.543 11.54 7.40 5.14 63.00±2.701 <4.04
LP 816-060e 20 52 33.05 −16 58 29.0 11.501 12.72 6.20 5.30 175.03±3.406 <6.514
GJ 812A 20 56 48.46 −04 50 49.0 11.945 10.81 7.06 4.88 59.53±3.111,6 <10.010
GJ 1263A 21 46 40.40 −00 10 23.4 12.643 12.25 7.49 5.15 83.50±3.901 <4.04
G 188-038 22 01 13.11 +28 18 24.9 12.051 12.29 6.78 5.27 111.70±1.731,6 35.14
LP 759-025 22 05 35.74 −11 04 29.0 17.814 16.08 10.72 7.09 45.00±2.686 13.05
GJ 849 22 09 40.30 −04 38 26.8 10.395 10.63 5.59 4.80 111.45±1.751,6 <2.57
GJ 1265e 22 13 42.78 −17 41 08.2 13.573 13.48 8.12 5.46 96.00±3.901 <6.514
LHS 3799 22 23 06.97 −17 36 25.0 13.301 13.94 7.32 5.98 134.40±4.901 <3.011
GJ 1268 22 24 55.94 +52 00 19.1 14.9412 13.93 9.30 5.64 62.70±3.601 ≤4.53
LHS 523 22 28 54.40 −13 25 17.9 16.905 16.64 9.84 7.06 88.80±4.901 7.05
LP 460-044 22 35 49.06 +18 40 29.9 19.184 17.37 11.37 7.81 43.54±3.5513 16.017
GJ 873 22 46 49.81 +44 20 03.1 10.223 11.71 5.30 4.92 198.21±0.841,6,28 3.57
LP 876-010 22 48 04.50 −24 22 07.8 12.591 13.19 7.21 5.41 130.42±0.371,6,30 22.018
GJ 875.1 22 51 53.49 +31 45 15.3 11.623 10.77 6.87 4.75 67.55±2.041,6 11.010
GJ 876 22 53 16.72 −14 15 48.9 10.181 11.84 5.01 5.17 214.47±0.571,6,29 <2.57
2MA 2306-0502 23 06 29.28 −05 02 28.6 18.806 18.38 10.30 8.50 82.58±2.5831 6.06
LHS 543 23 21 37.52 +17 17 28.5 11.653 11.46 6.51 5.14 91.84±2.301,6 <2.57
G 190-027B 23 29 22.58 +41 27 52.2 12.4216 11.57 7.17 5.25 67.58±1.591 14.54
DEN 2331-2749 23 31 21.75 −27 49 50.0 19.016 18.21 10.65 8.36 69.14±2.0631 9.06
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Name R.A. Decl. V a MV KS
b V−K Parallaxc vinid
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
GJ 896A 23 31 52.09 +19 56 14.2 10.133 11.15 5.33 4.80 159.88±1.531,6,32 16.29
GJ 896B 23 31 52.45 +19 56 13.8 12.401 13.42 6.26 6.14 159.88±1.531,6,32 24.21
GJ 1286 23 35 10.50 −02 23 21.4 14.731 15.43 8.18 6.55 138.30±3.501 <3.011
LHS 3978f 23 35 41.33 +06 11 20.6 16.1025 14.20 10.17 5.93 41.60±3.201 9.83
GJ 905 23 41 54.99 +44 10 40.8 11.678 14.17 5.93 5.74 316.37±0.551,5 <1.21
GJ 1289 23 43 06.29 +36 32 13.2 12.573 13.03 7.23 5.34 123.50±2.901 <2.61
LHS 4057 23 59 49.41 +47 45 44.8 16.1026 14.68 9.93 6.17 51.90±0.901 ≤4.53
aV references, listed as a numerical superscript, are as follows: (1) Davison et al. (2015); (2) Riedel et al. (2010); (3) Weis
(1996); (4) RECONS; (5) Bessel (1990); (6) Costa et al. (2006); (7) Weis et al. (1999); (8) Harrington & Dahn (1980); (9)
Dahn et al. (2002); (10) Winters et al. (2015); (11) Costa et al. (2005); (12) Gliese & Jahreiß (1991); (13) Monet et al. (1992);
(14) Jao et al. (2005); (15) Koen et al. (2010); (16) Weis (1991); (17) Weis (1994); (18) Bessell (1991); (19) Jao et al. (2011);
(20) Kilkenny et al. (2007); (21) Weis (1993); (22) Weis (1987); (23) Dahn et al. (1982); (24) Weis (1984); (25) Harrington et al.
(1985); (26) Dahn et al. (1988).
bKs magnitudes are from the 2MASS All Sky Catalogue of point sources from Skrutskie et al. (2006).
cWhen multiple parallax references are listed, the reported value here is the weighted means for each system. Parallax Ref-
erences. (1) van Altena et al. (1995); (2) Riedel et al. (2010); (3) Smart et al. (2007); (4) Smart et al. (2010); (5) Gatewood
(2008); (6) van Leeuwen (2007); (7) Costa et al. (2005); (8) Ianna et al. (1996); (9) Khrutskaya et al. (2010); (10) Tinney
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(1996); (11) Henry et al. (2006); (12) Teegarden et al. (2003); (13) Gatewood & Coban (2009); (14) Dahn et al. (2002); (15)
Shkolnik et al. (2012); (16) Jao et al. (2005); (17) Faherty et al. (2012); (18) ESA (1997); (19) Anglada-Escude´ et al. (2012a);
(20) Jao et al. (2011); (21) von Braun et al. (2011); (22) So¨derhjelm (1999); (23) Martin et al. (1998); (24) Martin & Mignard
(1998); (25) Benedict et al. (1999); (26) Tinney et al. (1995); (27) Pravdo & Shaklan (2009); (28) Gatewood et al. (1993); (29)
Benedict et al. (2002); (30) Mamajek et al. (2013); (31) Costa et al. (2006); (32) Weis et al. (1999).
dProjected Rotational Velocity References. (1) Delfosse et al. (1998); (2) Houdebine & Mullan (2015); (3) Jenkins et al. (2009);
(4) Reiners et al. (2012); (5) Mohanty & Basri (2003); (6) Reiners & Basri (2010); (7) Browning et al. (2010); (8) Barnes et al.
(2014); (9) Updated value from this work; (10) Stauffer & Hartmann (1986); (11) Davison et al. (2015); (12) Reiners (2007);
(13) Tinney & Reid (1998); (14) Bonfils et al. (2013a); (15) Reiners & Basri (2007); (16) Lo´pez-Santiago et al. (2010); (17)
Tanner et al. (2012); (18) Mamajek et al. (2013).
eAlthough Bonfils et al. (2013a) did not give vsini values of their individual targets, the authors did state the criteria that all
stars in their sample had to have vsini value below 6.5 km s−1. Therefore, we use 6.5 km s−1 an upper limit to the vsini value
of these stars.
fThese stars may have an inaccurate vsini value, as reported by Jenkins et al. (2009). Inaccuracies could be due to either the
spectrum having very low S/N or due to the star being a part of a binary system.
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Table 2.6: Adopted Spectral Type versus V−K Relation
Sp. Mean V−K V−K Range
Type (mag) (mag)
M3.0 4.65 4.52 − 4.80
M3.5 ... 4.81 − 5.12
M4.0 5.28 5.13 − 5.50
M4.5 ... 5.51 − 5.94
M5.0 6.17 5.95 − 6.44
M5.5 6.71 6.44 − 7.04
M6.0 7.37 7.05 − 7.73
M6.5 8.10 7.74 − 8.32
M7 8.55 8.33 − 8.77
M7.5 9.0: 8.78 − 9.0:
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Optical Spectroscopic Measurements
3.1 Observations
We obtained optical (6000−9000 A˚) spectra of all 58 stars in the CAESAR sample between
2003−2006 and 2009−2011 using the Cerro Tololo Inter-American Observatory (CTIO) 1.5-
m Richey-Chretien Spectrograph (RCSpec) with the Loral 1200 × 800 CCD camera, as part
of the broader RECONS spectral-typing program (e.g. Henry et al. 2004; Jao et al. 2008).
We also obtained optical spectra for the three stars (G 169-029, GJ 867BD, LHS 1610AB)
that were originally thought to be CAESAR members (see §2.1) and three additional (AU
Mic, GJ 1245B, LHS 3376) stars for which we obtained RV data (see §7.1). The spectra
were obtained with the #32 grating in first order with a 15.1◦ tilt, which yields a spectral
resolution of 8.6 A˚; the spectra were acquired through the OG570 order blocking filter. For
consistency checks and to mitigate the effects of cosmic rays, two spectra of each target
were taken consecutively. In addition, the majority of stars have spectroscopic observations
on multiple epochs. To assist with spectral classification, at least one flux standard was
observed each night, and an ensemble collection of spectral standards from Henry et al.
(2002) were observed. Some of the stars in the CAESAR sample are used as standards,
namely GJ 283B (M6.5V), GJ 644C (M7.0V), GJ 752B (M8.0V), GJ 1065 (M3.5V), GJ
1111 (M6.0V), GJ 1154 (M4.5V), GJ 1207 (M3.5V), LHS 292 (M6.5V), LHS 2090 (M6.0V)
and LHS 3799 (M4.5V).
The data were reduced with standard IRAF techniques; bias subtraction and dome
and/or sky flat fielding were performed on the data using calibration frames taken at the
beginning of each night. Fringing was effectively removed from the data using a combination
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of dome and sky flats. One high SNR flux standard spectrum per night was used for absolute
flux calibration. Spectra were wavelength calibrated using consecutively recorded HeAr arc
spectra. Further details regarding reduction and extraction are given in Henry et al. (2004).
3.2 Results
3.2.1 Spectral Types
To assign a spectral type, the wavelength calibrated spectra are resampled via interpolation
onto a fixed 1 A˚ grid. The Hα and telluric features, based on the sky transmission map
of Hinkle et al. (2003) are then given a spectral weight of zero to essentially remove these
features from our analysis. The spectra are normalized to a value of 1.0 at 7500 A˚. The
spectra are then compared to the library of observed standards, and the adopted spectral
type is that of the standard that yields the lowest standard deviation of the target spectrum
divided by the standard spectrum over the spectral range (6000−9000 A˚). An illustration of
optical spectra of 5 CAESAR stars and the best fit corresponding spectra from the standard
library are shown in Figure 3.1. The determined spectral types range from M2.5 to M8.0,
and are listed in Table 3.1 for the 58 CAESAR stars. The spectral types of the additional
stars observed are given in Table 3.2. The uncertainty in all cases is ±0.5 spectral sub-
classes, based on consistency between multiple epochs. Additional details of the spectral
type determinations are provided in Riedel et al. (2014).
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Figure 3.1: CTIO spectra of five CAESAR stars (black) normalized to 7500 A˚. The com-
parison spectra (red) are from the library of standards from Henry et al. (2002). Small
discrepancies are due to minor errors in the flux calibrations or slight temperature differ-
ences. The vertical line represents the position of Hα (6563 A˚).
3.2.2 Hα Emission
As a somewhat blunt diagnostic of the amount of chromospheric activity that these stars
exhibit, we measure equivalent widths of Hα 6563 A˚. To do this, we first subtract the lin-
ear continuum from the region between 6550 A˚ and 6575 A˚ and then assume the strongest
maximum (or minimum) within this region is the Hα line. After determining its location,
we integrate both the continuum and spectrum over 22 A˚, with the central wavelength cor-
responding to the Hα line to determine the equivalent width. Upon visual inspection of the
spectra, we could not reliably determine emission or absorption EWs with a precision better
than 0.5 A˚. We conservatively use this number as the error value on the Hα measurements,
which are given in Table 3.1; we adopt the standard convention of denoting emission with a
negative sign. If any star exhibits Hα emission with an equivalent width more extreme than
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the typical noise level of −0.5 A˚ in at least one epoch, we categorize it as an emission-line
star. This is denoted with an ‘e’ next to the star’s spectral type in Table 3.1 for the 58
CAESAR stars and in Table 3.2 for the six additional stars. .
We classify 35/58 of the stars from the CAESAR sample as emission-line stars. We also
note that the fraction of emission-line stars increases with later spectral type. 37% of the
35 stars with spectral types M4 or earlier are emission-line stars, whereas 100% of the 9
stars with spectral type M6 or later are emission-line stars. Our fraction of early M-dwarfs
with emission is comparable to that of Reiners et al. (2012) who find 41% of 115 stars M3.0
to M4.5 to be active emission-line stars. Likewise, Gizis et al. (2000) report an increase in
emission-line stars with lower mass and finds 100% of the M7 stars are emission-line stars.
He also notes that this trend breaks down past M7 and that the fraction of later type stars
that show chromospheric activity is significantly less.
Five of the additional six stars (AU Mic, G 169-029, GJ 867BD, GJ 1245B, LHS 3376)
are emission-line stars. All five of these stars are listed as fast rotators (vsini > 6.5 km s−1
in §8.3.2).
3.2.3 Surface Gravity Indices
To assess the surface gravity of these stars, as a possible tracer of their evolutionary states,
the gravity sensitive Na I doublet (defined in Lyo et al. 2004) is measured; this feature is
well known to be weak in giants and strong in dwarfs (e.g. Allers et al. 2007; Schlieder et al.
2012). For the Na I doublet index, we use the wavelength region between 8148 A˚ and
8200 A˚. We conservatively estimate our index error to be 0.05; this value is the average
difference value of our measured Na I doublet indices for all of our stars with more than
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one measurement. These values are given in Table 3.1 for the 58 CAESAR stars and in
Table 3.2 for the six additional stars. While these indices derived from the low-resolution
spectra are a good indicator of the evolutionary state of the star, high-resolution spectra
are needed to ascertain a more quantitative measure of the surface gravity. Also, we do
caution that these lines can be affected by metallicity and stellar activity; metal poor stars
and chromospherically active stars will systematically have lower equivalent widths (EW)
(e.g. Hawley et al. 1999).
All of the stars in the CAESAR sample exhibit average Na I doublet indices in a typical
range for main sequence stars (>1.1; Lyo et al. 2004; Allers et al. 2007); we therefore classify
all 58 CAESAR stars as on the main sequence. This is denoted by adding a ‘V’ to the
spectral type listed in Table 3.1. We also classify five of the six additional stars (G 169-029,
GJ 867BD, GJ 1245B, LHS 3376) as on the main sequence. The sixth star, AU Mic has an
Na I doublet index of 1.09 and is classified as a young star. As AU Mic is a known young
member in the β Pic association, we take this as extra validation of our technique.
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Table 3.1: Optical Spectroscopic Measurements for the
CAESAR sample
Name SpType Date Hα Na I
YYYYMMDD EW A˚ Index
GJ 1002 M5.0V 19931031 -0.1 1.31
20041001 0.2 1.36
GJ 54.1 M4.0Ve 19931031 -1.3 1.25
20041002 -1.1 1.30
LHS 1302 M4.5Ve 20031206 -3.6 1.27
20061209 -3.4 1.25
GJ 83.1 M4.0Ve 19911113 0.0 1.20
20041001 -2.1 1.28
LHS 1326 M5.0Ve 20031206 -1.4 1.33
20061208 -0.8 1.32
LHS 1375 M5.0Ve 20031205 -4.1 1.33
20061208 -2.9 1.32
GJ 102 M3.5Ve 20031206 -3.1 1.22
GJ 105B M3.5V 19931029 0.3 1.12
20041002 0.2 1.18
SO 0253+1652 M7.0V 20031205 0.8 1.37
20061206 -0.4 1.39
LP 771-095A M2.5V 20031206 0.0 1.16
GJ 1057 M4.5V 20031206 -0.3 1.26
GJ 1065 M3.5V 20020402 0.0 1.09
20061207 0.0 1.21
GJ 166C M4.0Ve 20031206 -5.3 1.21
LP 655-048 M6.0Ve 20040311 -17.8 1.35
LHS 1723 M4.0Ve 20031206 -1.5 1.25
GJ 203 M3.0V 19980208 0.2 1.13
20061208 0.1 1.15
GJ 213 M3.5V 19911113 0.3 1.12
20040312 0.0 1.14
G 99-49 M3.5Ve 19930314 -3.4 1.20
20031206 -4.6 1.22
GJ 232 M4.0V 19900122 0.5 1.17
20040312 0.0 1.22
GJ 1093 M5.0Ve 19930314 -0.9 1.29
GJ 1093 M5.0Ve 20031206 -2.1 1.33
GJ 273 M3.0V 19900122 0.4 1.11
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Table 3.1 – Continued
Name SpType Date Hα Na I
YYYYMMDD EW A˚ Index
20040312 0.1 1.15
GJ 283B M6.5Ve 19930316 1.7 1.33
20031205 -0.5 1.40
20061209 -0.1 1.38
GJ 285 M4.0Ve 19930315 -9.4 1.20
20041003 -7.7 1.24
GJ 1103 M4.5V 20040312 0.2 1.20
GJ 299 M3.5V 19930315 1.6 1.19
20050131 0.1 1.24
GJ 300 M3.5V 19930315 0.8 1.20
20041003 -0.2 1.25
GJ 1111 M6.0Ve 19951202 -4.4 1.40
20031206 -3.8 1.37
20090203 -4.0 1.50
20100301 -7.6 1.43
20100305 -8.0 1.47
LHS 2090 M6.0Ve 20020402 -15.8 1.16
20061209 -7.9 1.33
LHS 2206 M4.0Ve 20020401 -4.4 1.14
20061209 -3.3 1.28
LHS 292 M6.5Ve 19901123 -0.8 1.37
20031207 -2.4 1.43
20060531 -9.5 1.36
GJ 402 M3.0V 20090203 -0.2 1.26
20100305 0.0 1.28
20110517 0.3 1.21
GJ 406 M5.0Ve 19951203 -16.1 1.37
20030717 -11.6 1.33
20090505 -8.0 1.38
GJ 447 M4.0V 19930315 1.0 1.21
20040608 0.2 1.23
20090505 -0.1 1.26
GJ 1154 M4.5Ve 20040313 -6.6 1.29
GJ 1156 M4.5Ve 19930314 -5.6 1.25
20040608 -6.5 1.27
GJ 486 M4.0V 20040312 0.3 1.16
GJ 493.1 M4.5Ve 20040312 -4.9 1.27
GJ 555 M3.5V 19930314 0.6 1.18
20040608 0.5 1.20
LHS 3003 M7.0Ve 19930317 -28.5 1.29
LHS 3003 M7.0Ve 20040311 -7.5 1.40
20060527 -19.4 1.35
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Table 3.1 – Continued
Name SpType Date Hα Na I
YYYYMMDD EW A˚ Index
20090505 0.0 1.32
20110727 2.4 1.00
GJ 609 M4.0V 20090506 -0.2 1.16
20110727 0.1 1.16
GJ 628 M3.0V 19930315 0.9 1.13
20040608 0.0 1.17
GJ 643 M3.0V 20040608 0.0 1.19
GJ 644C M7.0Ve 19950812 -11.6 1.44
20060525 -7.1 1.42
20060526 -10.4 1.40
GJ 1207 M3.5Ve 20020402 -3.9 1.11
20060526 -4.9 1.17
20090505 -7.2 1.27
GJ 699 M3.5V 19950814 0.0 1.22
20041001 0.0 1.21
20060527 0.6 1.17
GJ 1224 M4.0Ve 19931101 -4.6 1.25
20040608 -4.3 1.26
GJ 1230B M4.5Ve 19931101 -0.1 1.26
20040930 -1.2 1.29
GJ 729 M3.5Ve 19931101 -2.4 1.20
20040929 -2.5 1.25
GJ 752B M8.0Ve 19950812 -2.6 1.31
20030715 -6.1 1.33
20040930 -6.2 1.29
20060525 -6.9 1.27
GJ 1235 M4.0Ve 20031011 -0.5 1.24
20060526 0.4 1.21
GJ 1256 M4.0V 20031011 -0.2 1.27
LP 816-060 M3.0V 20020401 0.5 1.05
20031207 0.1 1.19
G 188-038 M3.5Ve 20031012 -5.8 1.20
LHS 3799 M4.5Ve 20031207 -3.7 1.30
20060525 -3.8 1.31
20060531 -4.3 1.27
LP 876-010 M4.0Ve 20041002 -6.5 1.24
20060525 -4.0 1.21
20090726 -3.3 1.23
GJ 896A M3.5Ve 19931031 -6.2 1.17
20041002 -5.4 1.17
20110517 -6.9 1.17
GJ 896B M4.0Ve 19931031 -4.9 1.20
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Table 3.1 – Continued
Name SpType Date Hα Na I
YYYYMMDD EW A˚ Index
20110517 -6.6 1.17
GJ 1286 M5.0Ve 19931031 -0.7 1.32
20041001 -0.7 1.35
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Table 3.2: Optical Spectroscopic Measurements of mid
M-dwarfs not in CAESAR sample
Name SpTypea Date Hα Na I
YYYYMMDD EW A˚ Index
LHS 1610AB M4.0VJ 20031206 0.3 1.24
G 169-029 M4.5Ve 20020401 −5.4 1.13
20110727 −3.0 1.23
LHS 3376 M4.0Ve 19930316 −2.3 1.25
GJ 1245B M5.5Ve 19890713 −1.1 1.22
AU Mic M1.0Ve 20031011 −2.1 1.09
20060525 −2.3 1.09
GJ 867BD M3.5VeJ 20030717 −4.7 1.15
20060525 −9.3 1.16
20060525 −4.9 1.20
aJ represents a joint spectral type when two or more stars cannot be deconvolved into their
individual components.
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Photometry
4.1 Optical Photometry for CAESAR Sample
Prior to our measurements, four of the 58 stars from CAESAR sample did not have com-
plete sets of V, R and I photometry. The remaining stars had photometric measurements
presented in eight different publications. Therefore, to establish a uniform, homogenous, set
of photometric measurements for the ensemble sample of 58 stars, we obtained new optical
photometric observations of all the stars using the 0.9-m telescope at CTIO. Additionally,
we obtained data for GJ 867BD, LHS 1610AB and G 169-029; stars that were originally
thought to be part of the CAESAR sample (see §2.1).
For all of our photometry frames, we use the central 1024x1024 pixels on the Tektronix
2048x2048 CCD on the CTIO/SMARTS 0.9-m telescope. The CCD chip has a plate scale
of 0.′′401 pixel−1, which gives a field of view (FOV) of 6.8 by 6.8 arcminutes (Jao et al.
2003). All frames were collected at an airmass less than 2 and with the target star having
a signal-to-noise ratio (SNR) > 100. The custom IRAF reduction package, redpi, is used to
process the raw photometry data. Cosmic rays are removed from the data and photometry is
accomplished using apertures with radii of 7′′. The instrumental magnitudes are determined
by summing all of the counts for pixels inside of the aperture. If background stars are within
the 7′′ radius aperture, the photometry will be contaminated. For stars with contaminating
sources, we use a smaller aperture radii and then perform aperture corrections. We use
10 or more standard stars from Landolt (1992), Landolt (2007), and Graham (1982) to
create extinction curves each night, and transformation equations to convert instrumental
magnitudes to V, R and I magnitudes on the Johnson-Kron-Cousins system for all our
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target stars and reference stars used for astrometric measurements, as described in §5.2.
During the course of observations, we used two different V filters for photometry. Jao et al.
(2011) demonstrate that both V filters give effectively identical V band photometry for
standard stars; therefore it is suitable for us to combine photometry from the two filters.
For additional details on the photometric reduction and its associated errors, see Jao et al.
(2005) and Winters et al. (2011).
The V, R, I photometry and the number of nights on which observations were made are
reported in Table 4.1 for all 61 targets. Also listed in Table 4.1 are the photometric variabil-
ity, the filter in which variability was measured, the duration over which the variability was
measured, the number of nights of observations, and 2MASS J, H, K photometry. Photo-
metric errors are determined based on a formal propagation of measurement uncertainties.
The internal errors based on the signal to noise ratio are usually from 0.001 to 0.008 mag
(Jao et al. 2005). We determine our external errors by comparing our stars to standard
stars. In Figure 4.1, our photometric measurements are compared to measurements by
Bessell (28 stars) and Weis (34 stars). The Weis photometry has been converted to the
Johnson-Kron-Cousins system. Our photometry is consistent to previous measurements
within the uncertainties. A few big discrepancies are found between our data and Weis for
fainter stars for which the photometric uncertainities may be larger. Weis (1999) notes that
average photometric errors in the V filter for all of the stars in his sample are 0.02 mag;
however, the errors may be twice as large for stars fainter than 14 magnitude. The median
difference value between our photometry and that of Bessell is 0.03 mag for all three color
filters. The median difference value between our photometry and that of Weis is 0.05 mag in
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Figure 4.1: Comparison of our measured photometric values to measurements from the
literature. We compare our V, R, I photometry to measurements made by Bessell (28
stars; left panel) and to measurements by Weis (34 stars; right panel). Our photometry is
consistent with that of Bessel and Weis to within the uncertainties. The median difference
value between our photometry and that of Bessell is 0.03 mag for V, R and I. The median
difference value between our photometry and that of Weis is 0.05 mag for the V filter and
0.02 mag in the R and I filters.
the V band and 0.02 mag in the R and I bands. The night-to-night repeatability errors for
the faintest stars in the CTIOPI program are ∼0.03 mag (Henry et al. 2004). Combining
these three errors gives us final errors at V, R and I typically less than ∼0.03 mag.
To assemble the CAESAR sample, three independent measures are used to define mid
M-dwarfs (see §2.1). One of the criteria is based on the absolute V magnitude of the star.
Using our photometric measurements (Table 4.1) and the previously published parallax
data (Table 2.1), we determine the absolute V magnitude of each star and list this value
in Table 2.1. The absolute magnitude errors range from 0.03 to 0.08 mag. These errors are
calculated by propagating the parallax and photometric uncertainties for each star.
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4.2 Optical Photometry for Selected vsini Targets
To be included in the vsini sample, all stars had to have V and K magnitudes. While
constructing our sample, not all potential targets had V measurements. We therefore
obtained V, R and I for these potential targets. With our new photometric measurements,
11 stars met the criteria of our vsini sample and are included in Table 2.2 and Table 11.1.
We used the same setup/technique as above to obtain optical photometry for these stars.
The V, R, I photometry and the number of nights of observations for these 11 stars are
reported in Table 4.2. Errors at V, R and I are typically less than 0.03 mag.
4.3 Optical Variability of Stars in the CAESAR Sample
Because the astrometric observations (§5.1) are not photometrically calibrated, these obser-
vations do not provide independent measurements of the absolute photometry. Nevertheless,
relative photometry can be extracted by comparing the brightness of the target star to other
stars in the FOV. We can investigate variability at V, R or I by searching for stellar vari-
ability in the same filter used for astrometry. We quantify the amount of variability by
determining the standard deviation of the star’s flux relative to comparison stars to assess
the amount of photometric variability. Photometrically quiet astrometric reference stars
(§5.1) are used as comparison stars, as defined in Hosey et al. (2015). To do this, we ex-
tracted the instrumental magnitudes (σmag) using SExtractor by fitting Gaussians to the
light distribution of each source. Differences in seeing, airmass and exposure times are
corrected using the prescription in Honeycutt (1992). For further details on our extraction
routine, see Jao et al. (2011) and Hosey et al. (2015). Table 4.1 lists variability for 56 tar-
gets, the filter, the time coverage in years and the number of nights on which each target
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was observed. As these stars were added to the astrometric program at different times, we
have photometric coverage that ranges from 3.93 to 15.23 years. Our stars have average
σmag that range from 7.5 to 31.5 mmag.
To find the average variability over long time scales with ample coverage and to determine
the fraction of stars that show significant variation, we only include stars that have at least 7
nights of data; this excludes GJ 54.1 from our analysis, which only has three nights of data.
All of our stars show photometric variability above the detectable variability floor defined
in Hosey et al. (2015) of 7 milli-mags (mmag) for 0.9-m data. The median variability in
V is 14.4 mmag (34 stars), R is 13.5 mmag (14 stars) and I is 11.4 mmag (8 stars). Our
values are in line with the estimates of variability by Hosey et al. (2015).
To determine what fraction of our sample varies by significant amount, we compare our
unambiguously variable stars (σmag > 20 mmag) to relatively quiescent stars, as defined in
Hosey et al. (2015). We identified 7 of the 55 remaining targets (LHS 1610AB, GJ 166C,
GJ 273, GJ 285, GJ 1256, G188-038, GJ 867BD) that change brightness by more than 20
mmag and are clearly variable. Using this criterion, 18% in V (34 stars), 7% in R (14 stars)
and 0% in I (8 stars) are significantly varying. Of these seven variable stars, four (GJ 166C,
GJ 285, G 188-038, GJ 867BD) are identified as emission-line stars using the technique in
§3.2.2. There is a higher fraction emission-line stars among our variable stars than of the
whole sample.
Three stars (LHS 1302, GJ 1207 and LHS 3799) exhibit large amplitude, short term
brightenings in our photometric data (see Figure 4.2), which we refer to as flare events. All
three of these stars are listed as flare stars in Gershberg et al. (1999). Of particular note
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Figure 4.2: Flare stars. These plots show the brightness of the target measured relative to
a set of quiescent background stars. LHS 1302, GJ 1207, and LHS 3799 show significant
flare activity. The nights with flare activity have photometric measurements that are above
the dotted lines, which represent two times the average deviation of the photometric mea-
surements. In the upper right hand corner of each plot is the standard deviation of all flux
measurements. The standard deviation of the flux measurement excluding the contributions
by the flare are given in Table 4.1.
is GJ 1207, which had a flare on UT 2002 June 17 that caused it to brighten by 1.7 mag
in the V band (Henry et al. 2006). This flare event causes GJ 1207 to have the largest
variability of 192.4 mmag in our sample; excluding the flare event the variability is 18.1
mmag, as listed in Table 4.1. The other two stars show much smaller flare events. We have
excluded these nights with flares from our analysis to determine the variability levels listed
in Table 4.1.
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Figure 4.3: Stars with Photometric Trends. These plots show the brightness of the target
measured relative to a set of quiescent background stars. LHS 1610AB and G 169-029 show
significant long-term photometric trends. The dotted lines represent two times the average
deviation of the photometric measurements. In the upper right hand corner of each plot is
the standard deviation of the flux measurements.
Two of our stars (LHS 1610AB at V and G 169-029 at R) exhibit long-term photometric
trends (see Figure 4.3). Hosey et al. (2015) discovered G 169-029 to be one of the first
M-dwarfs to have lasting flux changes on a time scale of a decade using these 0.9-m data. G
169-029 has consistently brightened for ∼13 years for an overall flux change of ∼5% in R.
56
Table 4.1: Photometry for the CAESAR sample
Name V a Ra I a PHOT VAR Filter Duration VAR J b H b KS
b
(mag) (mag) (mag) # nts. (mmag) (yr) # nts. (mag) (mag) (mag)
GJ 1002 13.84 12.21 10.21 3 12.1 R 10.90 16 8.23 7.79 7.44
GJ 54.1 12.15 10.73 8.95 2 22.6 V 10.80 3 7.26 6.75 6.42
LHS 1302 14.49 13.00 11.16 5 12.5 R 15.23 34 9.41 8.84 8.55
GJ 83.1 12.35 10.95 9.18 3 8.2 V 3.93 9 7.51 6.97 6.65
LHS 1326 15.70 13.99 11.91 3 8.6 V 8.15 9 9.84 9.25 8.93
LHS 1375 15.80 14.14 12.01 3 10.6 V 5.20 10 9.87 9.31 8.98
GJ 102 13.05 11.76 10.10 3 13.3 R 4.06 9 8.47 7.91 7.63
GJ 105B 11.71 10.49 8.88 2 10.6 V 3.95 7 7.33 6.79 6.57
SO 0253+1652 15.14 13.03 10.65 3 8.8 I 11.12 26 8.39 7.88 7.59
LP 771-095A 11.22 10.07 8.66 4 15.6 V 15.01 34 7.11 6.56 6.29
GJ 1057 13.94 12.45 10.62 3 18.2 R 5.14 11 8.78 8.21 7.83
GJ 1065 12.82 11.60 10.04 3 14.4 V 10.99 19 8.57 8.00 7.75
LHS 1610ABc 13.85 12.42 10.66 3 29.1 V 15.23 30 8.93 8.38 8.05
GJ 166C 11.24 9.99 8.31 3 27.0 V 6.36 9 6.75 6.28 5.96
LP 655-048 17.80 15.73 13.37 5 12.9 I 10.97 23 10.66 9.99 9.55
LHS 1723 12.20 10.86 9.18 4 19.5 V 15.12 42 7.62 7.07 6.74
GJ 203 12.46 11.27 9.78 3 9.8 V 5.12 14 8.31 7.84 7.54
GJ 213 11.54 10.32 8.68 2 14.2 V 4.75 14 7.12 6.63 6.39
G 99-49 11.31 10.04 8.43 6 16.6 V 15.02 60 6.91 6.31 6.04
GJ 232 13.16 11.86 10.21 3 7.5 R 4.76 18 8.66 8.16 7.91
GJ 1093 14.94 13.25 11.24 4 15.3 R 5.12 18 9.16 8.55 8.23
GJ 273 9.88 8.68 7.14 3 29.7 V 5.05 14 5.71 5.22 4.86
GJ 283B 16.69 14.69 12.41 4 8.8 I 9.99 24 10.16 9.63 9.29
GJ 285 11.19 9.91 8.22 4 23.0 V 4.89 14 6.58 6.01 5.70
GJ 1103 13.26 11.89 10.19 3 15.8 V 10.98 21 8.50 7.94 7.66
GJ 299 12.86 11.57 9.91 3 13.3 V 4.90 16 8.42 7.93 7.66
GJ 300 12.15 10.85 9.22 3 16.6 V 15.04 46 7.60 6.96 6.71
GJ 1111 14.96 12.89 10.59 3 12.6 R 4.90 14 8.24 7.62 7.26
LHS 2090 16.11 14.12 11.84 3 10.3 I 12.66 29 9.44 8.84 8.44
LHS 2206 14.02 12.63 10.85 3 17.1 R 15.01 20 9.21 8.60 8.33
LHS 292 15.78 13.63 11.25 3 13.6 R 14.85 19 8.86 8.26 7.93
GJ 402 11.71 10.43 8.84 3 14.4 V 4.84 10 7.32 6.71 6.37
GJ 406 13.58 11.64 9.44 2 16.3 R 14.06 57 7.09 6.48 6.08
GJ 447 11.15 9.79 8.13 3 ... ... ... ... 6.51 5.95 5.65
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Table 4.1 – Continued
Name V a Ra I a PHOT VAR Filter Duration VAR J b H b KS
b
(mag) (mag) (mag) # nts. (mmag) (yr) # nts. (mag) (mag) (mag)
GJ 1154 13.64 12.17 10.31 2 14.9 V 4.81 12 8.46 7.86 7.54
GJ 1156 13.95 12.33 10.38 2 17.7 V 4.82 9 8.53 7.88 7.57
GJ 486 11.40 10.21 8.67 2 10.8 V 4.83 12 7.20 6.67 6.36
GJ 493.1 13.40 12.02 10.26 2 10.3 R 5.05 13 8.55 7.97 7.66
GJ 555 11.34 10.06 8.44 3 12.3 V 14.14 34 6.84 6.26 5.94
LHS 3003 17.07 14.92 12.54 5 10.3 I 10.77 30 9.97 9.32 8.93
GJ 609 12.58 11.32 9.70 2 10.3 V 4.82 10 8.13 7.65 7.37
GJ 628 10.07 8.89 7.37 3 10.9 V 10.93 25 5.95 5.37 5.08
G 169-029c 14.08 12.69 10.91 3 15.3 R 13.71 35 9.14 8.57 8.31
GJ 643 11.77 10.55 9.01 3 8.8 V 10.91 21 7.56 7.06 6.72
GJ 644C 16.85 14.64 12.25 3 12.3 I 12.90 74 9.78 9.20 8.82
GJ 1207 12.25 10.99 9.43 5 18.1 V 14.83 45 7.97 7.44 7.12
GJ 699 9.49 8.27 6.70 1 ... ... ... ... 5.24 4.83 4.52
GJ 1224 13.48 12.08 10.31 3 11.5 I 11.14 29 8.64 8.09 7.83
GJ 1230B 12.33 10.97 9.26 4 ... ... ... ... 8.86 8.0 7.77
GJ 729 10.50 9.26 7.68 3 10.5 V 15.04 21 6.22 5.66 5.37
GJ 752B 17.45 15.21 12.78 4 17.6 I 4.90 9 9.91 9.23 8.77
GJ 1235 13.47 12.12 10.46 2 13.3 R 3.95 11 8.80 8.22 7.94
GJ 1256 13.47 12.10 10.37 3 23.6 R 4.31 11 8.64 8.08 7.75
LP 816-060 11.50 10.25 8.64 3 18.9 V 11.13 21 7.09 6.52 6.20
G 188-038 12.05 10.77 9.16 2 21.3 V 5.25 13 7.64 7.04 6.78
LHS 3799 13.30 11.87 10.04 5 12.6 V 11.16 24 8.24 7.64 7.32
GJ 867BDc 11.47 10.29 8.77 3 31.5 V 11.30 18 7.34 6.82 6.49
LP 876-010 12.59 11.31 9.61 3 13.1 V 10.35 28 8.08 7.53 7.21
GJ 896A 10.30 9.13 7.66 2 ... ... ... ... 6.16 5.57 5.33
GJ 896B 12.40 11.04 9.28 2 ... ... ... ... 7.10 6.56 6.26
GJ 1286 14.73 13.10 11.10 3 11.2 I 11.29 26 9.15 8.51 8.18
aErrors at V, R and I are typically less than 0.03 mag.
bAll J, H, Ks magnitudes are from the 2MASS All Sky Catalogue of point sources from Skrutskie et al. (2006), which typically
provides errors less than 0.02 mag.
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cThese three targets were originally thought to meet the criteria of CAESAR sample, and during our observing program were
found not to meet the requirements.
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Table 4.2: Photometry of Select vsini Targets
Name V a Ra I a PHOT
(mag) (mag) (mag) # nts.
RG 0050-2722 21.54 19.19 16.70 1
LHS 1443 17.04 15.18 12.99 1
2MA 0738+24 12.98 11.83 10.35 2
LP 423-31 17.04 15.32 10.32 2
GJ 324B 13.13 11.87 10.21 2
GJ 388 9.29 8.17 6.78 3
GJ 403 12.72 11.54 10.06 2
G 10-52 13.65 12.46 10.91 1
G 169-029 14.08 12.69 10.91 3
LP 759-025 17.81 15.95 13.77 1
LP 460-044 19.18 17.16 14.88 3
aErrors at V, R and I are typically less than 0.03 mag.
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Astrometry
5.1 Observations
Optical astrometric observations were obtained for 53 out of 58 CAESAR stars. Addition-
ally, data for the three stars (G 169-029, GJ 867BD, LHS 1610AB) that were originally
thought to meet the CAESAR criteria, as discussed in §2.1, were collected. All observations
were made using the 0.9-m telescope at CTIO, using an identical instrumental setup as that
used for the photometry frames (see §4.1). The astrometry program began as an NOAO
Surveys Program in 1999 August and continued from 2003 February as part of the SMARTS
(Small and Moderate Aperture Research Telescope System) Consortium. Stars have been
intermittently added to the observing list since 1999 and stars discussed here continue to
be observed. The Cerro Tololo Interamerican Observatory Parallax Investigation (CTIOPI)
program was originally designed to measure accurate parallaxes of nearby stars. We are
now using the same data and techniques to look for perturbations due to companions that
remain in our astrometric signal after solving for the parallactic motion and the proper
motion of our targets. We observe each star in one of the V, R, or I filters. Stars are
observed through the filter that gives the strongest reference field, while not compromising
the counts of the target star (the filter and number of reference stars used are given in
Table 6.1). Strong reference fields that give the most precise parallax measurement include
5 to 12 reference stars that are bright (peak counts greater than 1000), close on the chip to
the target star, and in a configuration that surrounds the target. We require all stars used
as reference stars to have a minimum of 100 peak counts and to have a maximum of 65,000
peak counts. The maximum number of peak counts is set by the saturation level of our
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detector at 65,536. Our reduction routine accounts for plate scaling and rotation effects, but
ignores higher-order terms (astigmatism, coma, chromatic aberration; see Jao et al. 2005).
Exposure times are set such that the target star, or in some cases a very close bright
reference star, does not saturate. Our maximum exposure time is 600 seconds. We aim
to obtain exposure times of at least 30 seconds for every star, although this is not always
possible for our brightest stars.
Frames are only collected under seeing conditions better than 2.4′′, determined by the
FWHM of the stars in the field to be used in our reduction. Also, the target star and its
reference stars must have an ellipticity less than 20%, in order to determine the centroid
of the stars accurately and to eliminate frames with possible tracking/guiding errors. The
guider is typically used for any exposure times longer than 300 seconds.
5.2 Astrometric Reductions
We correct all centroids of target stars and reference stars for differential chromatic refraction
(DCR). These corrections are needed to account for the target star and its reference stars
not being of identical color, which causes their positions as seen from Earth to shift relative
to one another due to atmospheric refraction. The amount of correction needed for each star
depends on the filter used and the hour angle of observation, as well as the temperature,
pressure, and humidity; however, these environmental factors can be ignored assuming we
have stable observing conditions, as discussed in Monet et al. (1992) and Stone (1996). To
see at length how DCR correction is performed for our astrometry targets, see Jao et al.
(2005).
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As an example, Figure 5.1 displays the difference in astrometric residuals obtained with
and without correction for G 169-029, which was observed in the R filter. The refraction
correction to the centroids for G 169-029 led to a change in its final position as large as
∼20 mas in the R.A. axis compared to the frames uncorrected for DCR. Comparatively,
the correction for centroids in the Decl. axis leads to a much smaller change in the final
positions; the centroid correction for the Decl. axis is almost zero when the star is observed
near zero hour angle (Jao et al. 2005). In Figure 5.1, the residual deviations (in later
chapters referred to as the series deviations) are the standard deviations of the astrometric
measurements and the mean errors (in later chapters referred to as the nightly errors) are
the average statistical uncertainties of all the measurements. For the R.A. axes of G 169-029
with DCR correction the series deviation is 2.4 times less than the series deviation without
DCR correction.
After correcting for DCR, we measure accurate positions using the SExtractor Centroid-
ing algorithm from Bertin & Arnouts (1996) and use the Gaussfit program (Jefferys et al.
1987) to simultaneously solve for the parallax relative to the reference stars and proper
motion using all available data (for more details see Jao et al. 2005). The Gaussfit program
computes a least-squares fit to the astrometric equations and determines the best answer
by minimizing χ2. If after running our Gaussfit program, reference stars are found to have
proper motions greater than 0.′′05/yr or parallaxes greater than 10 mas based on photometric
parallaxes, then those stars are rejected as reference stars. To obtain the absolute parallax
of our target star, we must correct for the parallactic motion of the reference stars as these
stars are not infinitely far away. We use photometric parallaxes and accurate V, R and I
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Figure 5.1: DCR correction for G 169-029. The left panels show the astrometric residuals
of G 169-029 without DCR correction, while right panels show the residuals with DCR
correction. The filled circles indicate nights with multiple exposures (typically 5), whereas
the open circles are taken on nights with a single frame of data (typically for photome-
try). Examination of the two plots shows a significant improvement in the RA astrometric
residuals.
photometry described in §4 to correct our relative parallax to the absolute parallax value
(Jao et al. 2005). All of the remaining frames are used to fit the parallactic orbit of the star,
including single frames on photometric nights. However, only nights with 2 or more good
images are used to search for any residual astrometric signal that remains after correcting
for the parallactic motion and proper motion of our target.
During the ∼16 years of astrometric observations, two different VJ filters were used.
The first VJ filter was cracked and was replaced in February 2005 with a nearly identical
VJ filter, which we adopted assuming that it possessed a similar enough transmission profile
as the original to provide consistent astrometry. After a few years of obtaining data, we
noticed a few milli-arcsecond (mas) offset in the astrometric residuals of some stars that
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were known to be single from other techniques (Subasavage et al. 2009); we determined that
the offset first appeared when we replaced the VJ filter. The effect of using the replacement
VJ filter is more clearly seen in the astrometric residuals in the right ascension axis. After
a close inspection of the first VJ filter, it was realized that the small crack does not project
onto the part of the chip that is regularly used (i.e. the central quarter). Therefore, in July
2009, we replaced the second VJ filter with the original VJ filter (Riedel et al. 2010). All
data acquired after July 2009 were with the original VJ filter. Using data from both filters
may increase the parallax error, but does not change the parallax value (Subasavage et al.
2009; Riedel et al. 2010) and the average residual deviation for the stars is still less than
4 mas for 35 stars observed in the VJ filter (see §7.3). Therefore, we choose to use data
obtained in both filters to maximize the time coverage.
Parallax errors are determined by adding in quadrature the relative parallax error given
by the Gaussfit program (Jefferys et al. 1987) and the absolute parallax correction (for more
details see Jao et al. 2005). The errors for the residual astrometric signal are determined
empirically based on both the nightly dispersions and the overall dispersions. The parallax
errors and the errors for the residual astrometric signal are discussed further in §6.1 and
§6.2, respectively.
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Astrometric Results
6.1 Parallaxes and Proper Motions
We successfully obtained astrometric observations for 53 out of 58 CAESAR stars. We also
acquired data for G 169-029, LHS 1610AB and GJ 867BD, which were all presumed to be
CAESAR stars at the start of our program (see §2.1). We also obtained data on the M4V
planet host GJ 876 (Delfosse et al. 1998; Marcy et al. 1998), which would have met all of
the CAESAR criteria, except that it had known planets. In total, we collected 6508 high
quality astrometric frames that are used for analysis on a collection of 57 stars. Between
23 and 397 frames per star were collected over time baselines that stretch from 3.93 to
15.23 years. In Table 6.1, we list the filter used for astrometric observations, the number of
seasons the target has been observed, the number of parallax frames, the start and end dates
of observations, the time duration of the observations, the number of reference stars, the
relative parallax (pi rel), the correction to absolute parallax (pi corr), the absolute parallax
(pi abs).
We were unable to obtain astrometric data for five stars: GJ 447, GJ 699, GJ 1230B,
GJ 896A and GJ 896B. The first of these, the M4V dwarf GJ 447 (V =11.15 mag) is in a
relatively sparse part of the sky; there are not enough reference stars in the 6.′8 x 6.′8 FOV
in order to solve the astrometric equations and obtain parallax data. The M3.5V dwarf GJ
699 Barnard’s Star (V =9.49 mag), is an extremely bright M-star. This star saturates in
our detector before we are able to gain enough counts for the reference stars. GJ 1230B is
separated 5.′′2 from the spectroscopic binary GJ 1230AC (Gizis & Reid 1996), and the star
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light from this close companion would corrupt our astrometric solution for GJ 1230B. Also,
the astrometric solutions for GJ 896A and GJ896B, separated by 5.′′1 are corrupted.
Parallax errors are determined by adding in quadrature the relative parallax error deter-
mined by the Gaussfit program (Jefferys et al. 1987) and the absolute parallax correction
(for more details see Jao et al. 2005). Of the 57 stars with astrometric observations, 52 of
those have parallax errors less than 4 mas. Our parallax errors range from 0.48 to 10.56
mas with a median parallax error of 1.67 mas. Four of five stars (GJ 54.1, GJ 102, GJ
105B, LHS 1326) with high parallax errors have seven or fewer nights of astrometric data.
The fifth star (GJ 876) has 11 nights of data, but has a very scarce and skewed reference
field. We note that all stars in the reference field of GJ 876 are to the west of the star,
whereas ideally reference stars surround the target star on all sides. The position of GJ
876 relative to its reference stars is mostly likely the reason for the large parallax error. As
more data are acquired and more of the parallactic ellipse is sampled, the parallax errors
for these stars should continue to decrease.
The errors on the parallax measurement represent our internal statistical precision. To
estimate our systematic errors, we determine the differences between the our measured par-
allaxes and those of van Altena et al. (1995) (47 stars) and van Leeuwen (2007) (23 stars).
The mean absolute deviations from our parallax to those of van Altena et al. (1995) are 6.4
mas and to those of van Leeuwen (2007) are 7.8 mas. This error dominates our internal
error. Figure 6.1 (utilizing our internal errors only) shows that most of our measurements
are consistent within their uncertainties. The stars with largest discrepant distance mea-
surements are GJ 300, LHS 1610AB (compared to van Altena) and LP 771-095 (compared
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Figure 6.1: Comparison of our parallax values to those of van Altena (1995) and van Leeuwen
(2007). Most of our parallax values are consistent within their uncertainties to those of
van Altena et al. (1995) (47 stars; left panel) and van Leeuwen (2007) (23 stars; right panel).
The largest deviant points are of LHS 1610AB and GJ 300 on the left panel and of LP 771-
095 on the right panel ; see text for details for these three stars.
to van Leeuwen). As previously reported in Henry et al. (2006), RECONS parallax mea-
surements of LHS 1610AB do not match that of van Altena et al. (1995); however our
measurement is consistent with the photometric distances by Gliese & Jahreiß (1991) and
Reid et al. (2002). Henry et al. (2006) also suggest for GJ 300 that the rather large error of
15.0 mas by van Altena et al. (1995) was optimistic. Our measurement of LP 771-095A is
discrepant with van Leeuwen (2007); perhaps this is caused in part by the close pair LP 771-
095BC that is 7.′′22 (Jao et al. 2003) from the A component, which affects the HIPPARCOS
measurements used by van Leeuwen (2007).
Figure 6.2 shows a histogram of the RECONS parallax errors compared to the weighted
mean parallax errors (all previous parallaxes from the literature for each target combined)
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Figure 6.2: Histogram of our Parallax Errors Compared to the Weighted Mean Parallax
Errors from Published Literature Sources. Our parallax errors (blue lines) range from 0.48
to 10.56 mas with a median parallax error of 1.67 mas, whereas the weighted mean parallax
errors (green lines ; listed individually in Table 2.1) range from 0.23 to 4.90 mas with a
median parallax error of 2.30 mas.
before the start of our observations (see Table 2.1). The weighted mean parallax errors from
the literature range from 0.23 to 4.90 mas with a median parallax error of 2.3 mas. Therefore,
our median parallax error of 1.67 mas is less than that of the weighted mean parallax errors
from the literature. This is reflected in the histogram, as our errors are centered around a
large peak at 1−2 mas, whereas the weighted mean errors from the literature have three
distinct peaks at 0.5−1 mas, 1.5−2.5 mas and the largest peak between 3−4 mas.
A few objects are worthy of special of note:
• G 169-029 has an absolute parallax of 96.61±1.18 mas. This object has no previously
published trigonometric parallax measurements.
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• LHS 1302 has an absolute parallax of 96.96±0.96 mas. This parallax value supersedes
that in Henry et al. (2006), as we now have roughly twice as many frames over twice
the time span. We are also using an improved centroiding technique. The new distance
measurement places this object beyond 10 pc.
• GJ 1235 has an absolute parallax of 97.58±2.92 mas. The new weighted mean
parallax value for this star is 98.61±2.42 mas; this places GJ 1235 beyond 10 pc.
• GJ 628 has a correction from the relative parallax to the absolute parallax 11.97
mas, which is much larger than typical. We expect that this is a consequence of
the reference stars being highly reddened because they are within 10o of the Upper
Scorpius OB Association (Preibisch et al. 1998). Rather than using this correction,
which would bias the distance measurements, we use 1.43 mas, which is the average
of the corrections to absolute from 221 stars previously published using the CTIOPI
pipeline (Jao et al. 2005; Henry et al. 2006; Gizis et al. 2007; Subasavage et al. 2009;
Riedel et al. 2010; Jao et al. 2011; Riedel et al. 2011; von Braun et al. 2011).
• LHS 292 and LHS 1326 both show sinusoidal-like astrometric residuals and are
further discussed in §9.1.
The proper motion amplitudes (µ), the proper motion position angles (P.A.), and the
tangential velocities (Vtan) for the stars are given in Table 6.2. The errors on the proper
motion amplitudes given in Table 6.2 represent our internal statistical precision. To esti-
mate our systematic errors, we use the standard deviation of the differences between the
proper motion amplitudes of previous RECONS measurements (e.g. Subasavage et al. 2009;
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Riedel et al. 2010; Jao et al. 2011) and HIPPARCOS, which is 16.8 mas/yr. Similar to our
parallax errors, the systematic error for the proper motion amplitude dominates the error
budget.
6.2 Astrometric Residuals
After solving for the parallactic and proper motions of each target, the residual position
measurements are investigated for motions caused by a companion. A first order assessment
of this is done by computing the standard deviation of the full series of position measure-
ments in R.A. and in Decl. We refer to the standard deviations of the series positions as
series deviations. The average series deviations for all 57 stars (53 CAESAR stars, plus G
169-029, GJ 867BD, GJ 876, and LHS 1610AB) is 3.32 mas in right ascension (R.A.) and
3.93 mas in declination (Decl.). The average series deviations range from 0.71 mas to 7.35
mas in R.A. and from 0.71 mas to 9.74 mas in Decl. (see Table 6.3). We also report the
statistical uncertainties (henceforth referred to as the nightly error) for each star, which are
calculated by averaging all of the nightly errors. The error on a single night is computed by
taking the standard deviation of the offsets from zero for the frames, typically five, taken
on each star during a night. The nightly errors for both R.A. and Decl. are also listed
Table 6.3. The nightly errors range from 1.83 mas to 8.48 mas in R.A. and from 2.05 mas to
12.54 mas in Decl. For the 53 CAESAR stars, plus G 169-029 and GJ 876, the astrometric
signals that remain after correcting for the parallactic and proper motions are plotted over
time in Figure 6.4−6.13, split into R.A. and Decl. Plots of GJ 867BD and LHS 1610AB
are shown later in the Discoveries Chapter.
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We further divided our results by comparing the average series deviations and nightly
errors in R.A. and Decl. for the three different filters (see Figure 6.3). The lowest series
deviations and nightly errors are for stars that were observed in the I filter (8 stars). This
could be partially caused by stars in the I filter having longer exposure times (as generally
we observe faint late M-dwarfs in the I filter); we find evidence for a correlation between
longer exposure times creating better centroiding that lead to lower residuals. The highest
series deviations are for stars observed in the R filter (14 stars) and the largest nightly
errors are for stars observed in the V filter (35 stars). On average, nightly errors are ∼1.4
times larger than series deviations for the V filter, ∼1.2 times larger than series deviations
for the R filter and ∼1.6 times larger than series deviations for the I filter. We take this
as an indication that we are slightly over-estimating our nightly errors, especially for stars
observed in the I filter.
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Figure 6.3: Series Deviations versus Mean Nightly Errors. On average, our nightly errors
are ∼1.4 times larger than series deviations for the V filter, ∼1.2 times larger than series
deviations for the R filter and ∼1.6 times larger than series deviations for the I filter. We
take this as an indication that we are slightly over-estimating our nightly errors, especially
for stars observed in the I filter.
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Figure 6.4: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.5: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.6: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.7: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.8: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.9: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.10: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.11: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.12: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Figure 6.13: Relative astrometric measurements are plotted over time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and proper motion, we see no indica-
tions of companions in the astrometric residuals for any of these stars. Limits on possible
companions are given in more detail in §9.
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Table 6.1: Parallax Results
Name Filter Nsea
a Nfrm Coverage
b Yearsb NREF pi (rel) pi (corr) pi (abs)
(mas) (mas) (mas)
GJ 1002 R 11s 74 2003.77-2014.67 10.90 4 205.36±3.47 2.09±0.16 207.45±3.47
GJ 54.1 V 3s 23 2003.85-2014.65 10.80 5 261.73±10.55 1.67±0.44 263.40±10.56
LHS 1302 R 15s 192 1999.71-2014.94 15.23 5 96.32±0.96 0.64±0.06 96.96±0.96
GJ 83.1 V 5s 46 2010.74-2014.67 3.93 5 218.50±2.76 1.57±0.36 220.07±2.78
LHS 1326 V 8s 24 2006.78-2014.93 8.15 6 108.68±5.05 0.28±0.03 108.96±5.05
LHS 1375 V 6s 38 2009.75-2014.94 5.20 7 106.65±3.92 1.04±0.26 107.69±3.93
GJ 102 R 5c 43 2010.74-2014.80 4.06 8 102.13±4.13 1.49±0.18 103.62±4.13
GJ 105B V 5s 36 2010.97-2014.92 3.95 5 128.96±4.93 1.05±0.33 130.01±4.94
SO 0253+1652 I 12s 154 2003.53-2014.65 11.12 5 258.37±1.60 2.76±0.32 261.13±1.63
LP 771-095A V 13s 187 1999.64-2014.65 15.01 5 142.19±1.55 0.95±0.14 143.14±1.56
GJ 1057 R 6s 44 2009.93-2015.07 5.14 6 116.00±2.14 1.33±0.19 117.33±2.15
GJ 1065 V 12s 107 2003.95-2014.94 10.99 6 99.90±1.59 1.31±0.17 101.21±1.60
LHS 1610AB V 15s 175 1999.71-2014.94 15.23 7 104.14±1.65 1.45±0.23 105.59±1.67
GJ 166C V 5s 54 2008.70-2015.06 6.36 6 201.06±2.92 1.57±0.34 202.63±2.94
LP 655-048 I 12s 107 2003.95-2014.92 10.97 7 101.59±0.69 1.32±0.08 102.91±0.69
LHS 1723 V 16s 279 1999.81-2014.93 15.12 8 184.72±0.73 1.47±0.21 186.19±0.76
GJ 203 V 6s 65 2009.94-2015.06 5.12 6 104.35±1.71 2.28±0.50 106.63±1.78
GJ 213 V 5s 60 2010.16-2014.92 4.75 6 171.46±2.35 1.32±0.38 172.78±2.38
G 99-49 V 16s 397 1999.91-2014.93 15.02 6 191.73±1.01 2.52±1.57 194.25±1.87
GJ 232 R 6s 85 2010.16-2014.92 4.76 8 114.47±1.87 1.74±0.32 116.21±1.90
GJ 1093 R 6c 79 2009.94-2015.06 5.12 11 132.03±1.28 0.62±0.13 132.65±1.29
GJ 273 V 6c 67 2010.01-2015.06 5.05 6 262.76±3.83 0.83±0.15 263.59±3.83
GJ 283B I 11s 140 2003.96-2013.95 9.99 11 109.39±0.66 1.06±0.09 110.45±0.67
GJ 285 V 6s 77 2010.17-2015.06 4.89 9 170.07±2.28 0.99±0.16 171.06±2.29
GJ 1103 V 12s 118 2003.95-2014.93 10.98 6 106.03±0.89 0.58±0.10 106.61±0.90
GJ 299 V 6s 74 2010.16-2015.06 4.90 7 150.06±0.96 1.31±0.18 151.37±0.98
GJ 300 V 16s 258 1999.91-2014.95 15.04 8 121.51±0.40 1.27±0.26 122.78±0.48
GJ 1111 R 6s 64 2010.16-2015.07 4.90 5 269.58±2.17 1.27±0.12 270.85±2.17
LHS 2090 I 14s 147 2002.28-2014.94 12.66 7 155.73±1.04 1.75±0.22 157.48±1.06
LHS 2206 R 16s 178 2000.06-2015.07 15.01 6 108.94±1.80 0.91±0.05 109.85±1.80
LHS 292 R 13s 90 2000.23-2015.08 14.85 6 213.37±1.13 0.59±0.04 213.96±1.13
GJ 402 V 6s 51 2010.39-2015.24 4.84 5 145.46±3.23 1.68±0.43 147.14±3.26
GJ 406 R 14s 162 2000.23-2014.29 14.06 5 412.94±1.46 1.46±0.17 414.40±1.47
GJ 1154 V 6s 50 2010.40-2015.21 4.81 6 123.99±1.83 0.69±0.08 124.68±1.83
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Table 6.1 – Continued
Name Filter Nsea
a Nfrm Coverage
b Yearsb NREF pi (rel) pi (corr) pi (abs)
(mas) (mas) (mas)
GJ 1156 V 6s 44 2010.39-2015.21 4.82 5 154.91±1.24 0.89±0.09 155.80±1.24
GJ 486 V 6s 54 2010.39-2015.22 4.83 6 120.56±3.45 2.17±0.57 122.73±3.50
GJ 493.1 R 6c 59 2010.16-2015.21 5.05 5 113.50±2.18 1.16±0.06 114.66±2.18
GJ 555 V 15s 203 2000.14-2014.28 14.14 6 161.24±1.34 0.58±0.22 161.82±1.36
LHS 3003 I 12s 174 2003.52-2014.29 10.77 6 139.84±0.91 1.63±0.25 141.47±0.94
GJ 609 V 5c 55 2010.40-2015.22 4.82 8 98.06±2.44 2.08±0.36 100.14±2.47
GJ 628 V 12s 153 2003.51-2014.44 10.93 5 228.96±2.26 1.43±0.17 230.39±2.27
G 169-029 R 14s 168 2000.57-2014.28 13.71 9 95.99±1.17 0.62±0.14 96.61±1.18
GJ 643 V 12s 132 2003.52-2014.43 10.91 6 150.23±1.10 3.27±0.46 153.50±1.19
GJ 644C I 14s 211 2001.53-2014.43 12.90 7 153.42±0.47 2.01±0.14 155.43±0.49
GJ 1207 V 16s 242 1999.62-2014.45 14.83 7 111.54±0.83 0.75±0.18 112.29±0.85
GJ 1224 I 12s 188 2003.52-2014.66 11.14 9 124.95±0.96 2.65±1.56 127.60±1.83
GJ 729 V 13s 134 1999.62-2014.66 15.04 7 336.26±1.28 3.95±0.99 340.21±1.62
GJ 752B I 6s 41 2009.56-2014.45 4.90 8 166.24±1.24 2.50±0.85 168.74±1.50
GJ 1235 R 5s 46 2010.50-2014.45 3.95 7 93.46±1.95 4.12±2.18 97.58±2.92
GJ 1256 R 5s 55 2010.50-2014.80 4.31 10 103.83±1.39 1.91±0.16 105.74±1.40
LP 816-060 V 11s 153 2003.52-2014.65 11.13 8 174.58±1.00 1.63±0.41 176.21±1.08
G 188-038 V 4c 55 2009.56-2014.81 5.25 8 108.24±2.38 1.24±0.18 109.48±2.39
LHS 3799 V 11s 131 2003.52-2014.67 11.16 5 137.85±1.60 0.47±0.14 138.32±1.61
GJ 867BD V 11s 109 2003.52-2014.82 11.30 5 109.54±1.79 0.93±0.20 110.47±1.80
LP 876-010 V 10s 134 2004.44-2014.79 10.35 6 131.25±1.04 1.02±0.24 132.27±1.07
GJ 876 V 11s 73 2003.52-2014.81 11.28 5 208.66±4.10 2.14±0.57 210.80±4.14
GJ 1286 I 12s 149 2003.52-2014.81 11.29 5 139.79±1.03 2.28±0.25 142.07±1.06
aNumber of seasons (Nsea) counts observing semesters where a dataset was taken, and denotes if coverage was ’c’ontinuous
(more than one night of data in all seasons) or ’s’cattered.
bCoverage and Years run from the first to last epoch.
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Table 6.2: Proper Motion and Tangential Velocity Results
Name µ P.A. Vtan
(mas yr−1) (deg) (km s−1)
GJ 1002 2032.7±0.9 203.7±0.05 46.4
GJ 54.1 1349.7±1.7 62.7±0.13 24.3
LHS 1302 596.8±0.2 115.9±0.04 29.2
GJ 83.1 2069.5±1.9 148.6±0.10 44.6
LHS 1326 737.1±1.8 248.5±0.26 32.1
LHS 1375 643.8±7.0 131.6±1.24 28.3
GJ 102 668.6±2.7 176.1±0.34 30.6
GJ 105B 2317.6±3.4 51.2±0.17 84.5
SO 0253+1652 5103.3±0.6 138.1±0.01 92.6
LP 771-095A 479.7±0.4 234.5±0.09 15.9
GJ 1057 1738.4±1.2 87.2±0.06 70.2
GJ 1065 1444.7±0.5 198.9±0.03 67.7
LHS 1610AB 767.1±0.3 146.2±0.05 34.4
GJ 166C 4081.6±1.7 214.2±0.05 95.5
LP 655-048 359.3±0.2 69.3±0.05 16.5
LHS 1723 772.6±0.2 226.3±0.03 19.7
GJ 203 773.5±0.9 194.9±0.12 34.4
GJ 213 2534.4±1.5 128.1±0.07 69.5
G 99-49 308.3±0.3 97.3±0.09 7.5
GJ 232 746.2±1.5 133.5±0.23 30.4
GJ 1093 1274.4±0.7 134.3±0.06 45.5
GJ 273 3732.1±2.2 171.2±0.06 67.1
GJ 283B 1272.7±0.2 115.5±0.02 54.6
GJ 285 561.2±1.5 218.8±0.31 15.6
GJ 1103 800.6±0.2 161.4±0.03 35.6
GJ 299 5203.2±0.6 168.7±0.01 162.9
GJ 300 698.6±0.1 178.6±0.01 27.0
GJ 1111 1253.0±1.5 240.7±0.13 21.9
LHS 2090 774.8±0.3 221.2±0.04 23.3
LHS 2206 520.5±0.3 319.0±0.07 22.5
LHS 292 1640.7±0.3 158.5±0.02 36.3
GJ 402 1174.8±1.5 226.7±0.15 37.8
GJ 406 4695.5±0.4 236.2±0.01 53.7
GJ 1154 983.7±0.9 254.2±0.09 37.4
GJ 1156 1284.8±0.7 279.8±0.05 39.1
GJ 486 1100.5±1.7 245.4±0.16 42.5
GJ 493.1 947.9±1.2 283.7±0.12 39.2
GJ 555 682.6±0.4 331.0±0.06 20.0
LHS 3003 971.0±0.4 210.2±0.04 32.5
GJ 609 1558.4±1.5 217.6±0.11 73.8
GJ 628 1191.6±0.7 185.4±0.05 23.4
G 169-029 401.1±0.3 6.1±0.07 19.7
GJ 643 1203.3±0.3 223.3±0.03 37.2
GJ 644C 1188.3±0.2 224.0±0.01 36.2
GJ 1207 607.7±0.2 126.9±0.04 25.7
GJ 1224 703.1±0.3 240.9±0.04 26.1
GJ 729 666.2±0.3 106.8±0.05 9.3
GJ 752B 1486.3±0.6 202.6±0.04 41.8
GJ 1235 1733.7±1.4 213.7±0.09 84.2
GJ 1256 1482.2±0.9 63.4±0.07 66.4
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Table 6.2 – Continued
Name µ P.A. Vtan
(mas yr−1) (deg) (km s−1)
LP 816-060 314.9±0.3 277.2±0.08 8.5
G 188-038 376.2±1.5 84.0±0.35 16.3
LHS 3799 768.7±0.3 157.6±0.04 26.3
GJ 867BD 429.8±0.5 96.7±0.11 18.4
LP 876-010 378.2±0.3 118.0±0.10 13.6
GJ 876 1156.5±1.0 124.2±0.10 26.0
GJ 1286 1141.5±0.3 137.0±0.03 38.1
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Table 6.3: Astrometric Series Deviations and Nightly Errors
Name Filter R.A. Series Decl. Series R.A. Nightly Err. Decl. Nightly Err.
(mas) (mas) (mas) (mas)
GJ 1002 R 1.81 2.64 2.67 3.53
GJ 54.1 V 0.71 0.71 3.90 4.38
LHS 1302 R 3.67 3.66 3.24 3.59
GJ 83.1 V 1.64 2.86 4.70 6.44
LHS 1326 V 7.01 7.21 4.28 4.51
LHS 1375 V 2.35 2.36 3.06 2.05
GJ 102 R 4.83 7.88 7.32 12.54
GJ 105B V 6.70 2.33 7.39 6.41
SO 0253+16 I 3.73 2.48 6.67 7.71
LP 771-095A V 6.37 9.74 6.90 8.15
GJ 1057 R 2.30 5.65 4.23 5.21
GJ 1065 V 2.34 4.27 3.21 3.87
LHS 1610AB V 2.90 4.40 4.96 5.67
GJ 166C V 3.41 2.38 8.48 8.68
LP 655-048 I 1.76 2.25 1.91 2.06
LHS 1723 V 3.98 4.91 4.39 5.61
GJ 203 V 4.17 4.47 4.73 5.66
GJ 213 V 1.96 4.16 6.07 9.57
G 99-49 V 3.21 2.61 4.94 5.19
GJ 232 R 2.58 3.92 5.57 6.41
GJ 1093 R 2.11 3.19 3.58 5.02
GJ 273 V 4.10 5.79 7.81 7.48
GJ 283B I 2.18 2.02 2.26 2.75
GJ 285 V 5.08 5.98 7.34 12.22
GJ 1103 V 2.60 3.11 1.83 3.25
GJ 299 V 1.96 1.89 3.20 4.31
GJ 300 V 1.65 2.26 2.54 2.79
GJ 1111 R 2.58 2.77 2.57 3.17
LHS 2090 I 3.59 4.24 4.95 4.54
LHS 2206 R 3.04 3.09 5.17 5.40
LHS 292 R 7.35 6.98 3.07 3.07
GJ 402 V 2.16 4.05 6.48 7.35
GJ 406 R 4.46 5.26 4.91 6.17
GJ 1154 V 2.70 3.65 3.50 2.56
GJ 1156 V 2.42 3.25 3.00 4.20
GJ 486 V 2.44 3.26 5.84 6.64
GJ 493.1 R 3.69 4.40 4.14 6.64
GJ 555 V 4.98 4.23 6.06 6.49
LHS 3003 I 3.57 2.36 3.64 3.65
GJ 609 V 2.03 3.68 4.37 7.61
GJ 628 V 4.31 4.02 5.65 6.94
G 169-029 R 5.94 5.56 3.74 5.65
GJ 643 V 4.99 9.51 4.45 6.73
GJ 644C I 2.07 3.03 3.08 2.68
GJ 1207 V 4.84 5.87 3.05 4.84
GJ 1224 I 2.22 2.83 4.27 5.25
GJ 729 V 3.55 4.21 3.69 4.90
GJ 752B I 1.65 1.86 2.12 2.47
GJ 1235 R 2.42 2.22 2.62 4.95
GJ 1256 R 3.42 2.78 3.78 4.66
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Table 6.3 – Continued
Name Filter R.A. Series Decl. Series R.A. Nightly Err. Decl. Nightly Err.
(mas) (mas) (mas) (mas)
LP 816-60 V 2.71 2.36 3.78 3.96
G 188-38 V 4.48 5.99 6.71 6.74
LHS 3799 V 3.31 3.41 2.32 3.01
GJ 867BD V 2.30 3.70 2.41 4.07
LP 876-10 V 2.53 3.84 4.41 5.11
GJ 876 V 4.66 4.36 6.37 6.10
GJ 1286 I 1.87 1.97 4.39 4.92
Average V 3.43 4.09 4.73 5.63
Average R 3.59 4.29 4.04 5.43
Average I 2.38 2.59 3.71 4.05
Average V,R,I 3.32 3.93 4.42 5.36
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High Dispersion Infrared Spectroscopy
7.1 Observations
Spectroscopic observations were made for 48 out of the 58 CAESAR stars. In addition,
we observed 12 other stars (AU Mic, G 169-029, GJ 281, GJ 393, GJ 745B, GJ 873, GJ
867BD, GJ 905, GJ 1245B, LHS 1610AB, LHS 1805, LHS 3376) during the course of our
observations. The M1.0 β Pic association member AU Mic (Barrado y Navascue´s et al.
1999; Hawley et al. 1996) and the M2.5 AB Dor member GJ 393 (McCarthy & White 2012)
are both young stars. The detection of a hot Jupiter around these stars could be fundamental
in helping formation models constrain the timelines of migration of hot Jupiters around stars.
The K7 dwarf GJ 281 (Reid et al. 1995) is an RV standard for our RV program. Five of the
12 additional stars (GJ 873, GJ 905, GJ 1245B, LHS 1805, LHS 3376) are all mid to late M-
dwarfs within 8 pc. These nearby stars are not in the CAESAR sample, as they are located
further north than our declination cut-off of +30◦ and are not observable from the 0.9-m
telescope in Chile from which we obtain astrometric data; however, these targets are easily
observable by the IRTF and therefore included in our spectroscopic survey. We collected
data for the active M2V dwarf GJ 745B (Reid et al. 1995) per the request of one of our
collaborators, who plans to compare simultaneously obtained infrared and optical RV data
in order to discover a method to disentangle stellar jitter from the RV measurements. The
remaining 3 out of our 12 stars (G 169-029, GJ 867BD, LHS 1610AB) were once thought
to be a part of the CAESAR sample; however, during the course of our observations it has
been determined that these targets do not meet the CAESAR criteria (see §2.1).
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All infrared spectroscopic observations were obtained using CSHELL (Tokunaga et al.
1990; Greene et al. 1993) located on the 3-m telescope at NASA’s Infrared Telescope Facil-
ity (IRTF). CSHELL is a long-slit echelle spectrograph that uses a circular variable filter
(narrow-band filters mounted in a circular design) to isolate a single order onto a 256x256
InSb detector. Spectra are centered at 2.298 microns (vacuum) and cover approximately a
50 A˚ window. Telluric methane absorption features from the Earth’s atmosphere that are
superimposed on the photospheric 12CO R branch lines at 2.3 microns are used as an abso-
lute wavelength reference (e.g. Blake et al. 2010; Bailey et al. 2012). The design resolving
power is 100,000 per pixel. We use CSHELL in the high resolution mode (0.5′′ slit=2.5
pixels), which yields a predicted spectral resolving power of R ∼ 40,000. The measured
resolving power determined from the model fits to telluric absorption features (described
later) is ∼57,000. This number is significantly higher than the predicted resolving power for
CSHELL using the 0.5′′ slit. We note this discrepancy because CSHELL has an adjustable
slit; it may be that the slit is smaller than the designed 0.5′′. Crockett et al. (2011) and
Prato et al. (2008) also report a higher than predicted spectral resolving power (R∼46,000)
for CSHELL in high resolution mode. We note that a similar effect of determining a higher
spectral resolving power for Keck (25,000 to 30,000) was determined in Bailey et al. (2012),
and may be a feature of the analysis code that we use for RV reductions for datat from both
the IRTF and Keck.
Each night, two spectra of a given star were obtained in succession at two different
positions along the slit, separated by 10′′. Hereafter, we refer to these two positions as nod
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A and nod B. Observations were obtained between 2008 November and 2014 January. In
total, 914 high quality spectra composed of 457 nodded pairs were obtained.
Our exposure times ranged from 180 to 1200 seconds per nod position, and were set to
yield SNRs of 125 per pixel (or optimally, a combined SNR of 175+) for most of our targets.
For four stars with Ks between 8.0 and 8.5 mag (GJ 1093, GJ 1286, LHS 2090, LHS 2206),
a SNR of 125 per pixel was not achieved because the maximum exposure time is set to 1200
seconds to limit cosmic ray events and the dark current. We did not observe eight CAESAR
stars with Ks > 8.5 mag (GJ 283B, GJ 644C, GJ 752B, LHS 1302, LHS 1326, LHS 1375,
LHS 3003, LP 655-048), because these stars are too faint for precision RV measurements.
At the beginning of each night, we obtained a minimum of 30 flat and 30 dark images,
each with an integration time of ten seconds. Also, on November 14, 2009, we collected an
additional 30 flat and 30 dark images with an integration time of 20 seconds, which were used
to create a bad pixel mask described in §7.2. On most nights we also observed bright stars
of spectral type early A, as these stars exhibit no intrinsic absorption or emission lines in
this wavelength region and therefore can be used to identify telluric features. These telluric
standards are used to characterize the instrumental profile and wavelength solution. When
first collecting the data, we did not realize how sensitive our final RV measurements were to
the initial solutions for the instrumental profile and wavelength solution obtained from the
telluric standards. After reducing part of the data, we determined that A star observations
obtained nightly yield the best precision. In a few cases, we only obtained a few A star
observations per run, leaving us with six nights that contain no A star observations. A total
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of 26 stars were observed on nights when no telluric standards were not observed; individual
nights without A star observations are marked in Table 8.1.
We aimed to observe all 50 stars with low vsini (<15 km s−1) on at least four nights
within a single observing run (∼ 1−3 weeks) in order to search for companions with orbital
periods of less than a week. On subsequent runs, we re-observed our targets at least once
to search for companions with longer orbital periods. Because of inclement weather we
were not able to achieve this cadence for all targets. For nine stars (GJ 105B, GJ 281, GJ
609, GJ 1057, GJ 1065, GJ 1103, GJ 1256, LHS 2206, LP 876-010), we only obtained RV
measurements during a single run. For the 50 low vsini stars, we obtained 3−14 RV epochs
for each star, spanning a temporal baseline between 4 days and 1884 days (see Table 8.2).
We changed our monitoring plan for stars with higher rotational velocities (vsini >15 km
s−1) during our observing campaign. Originally, we planned on collecting the same amount
of RV epochs with the cadence described above for all stars. However, with our measured
RV precision being much worse for stars with high vsini, we decided to obtain 4 epochs for
stars with vsini values between 15 and 25 km s−1 (GJ 493.1, GJ 896A, GJ 1156, LHS 2090,
LHS 3376) and only 2 epochs for stars with vsini values above 25 km s−1 (G 188-038, GJ
896B, LP 876-010).
7.2 Image Reduction and Spectral Extraction
We subtracted each nodded pair of images from one another to remove sky emission, dark
current and detector bias assuming that changes in the detector or spectrograph properties
were negligible over the timescale when the nodded pair of images were obtained. After
completing the nod-subtraction, we corrected each image for flat fielding. Corrections for
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flat fielding were performed by generating a nightly master flat field image from all flat
field images obtained on a particular night. The master flat field images were created by
first subtracting the median dark image of the same exposure time from each of the flat
field images. Then, each flat field image was normalized to the central 15% of the array,
which was the brightest section of the array and the least affected by deviant pixels. After
normalizing the image, all images were median combined.
We then applied a bad pixel mask to our spectra to remove dead and hot pixels from the
data. To identify dead pixels, we located any pixel five times below the standard deviation
of the median pixel value of the master flat field array. To locate hot pixels, we subtracted
two times the count value of the 10 second exposure master flat field image from the 20
second exposure master flat field image, and then normalized this number to the 20 second
exposure master flat field. Because normal pixels should increase linearly with time and
therefore have the same values, we identified any pixel with values greater than three times
the standard deviation of this median pixel value of the difference image to be a hot pixel.
All deviant pixels identified from the bad pixel mask are assigned interpolated values using
the neighboring pixels.
We optimally extracted each spectrum following the procedures in Horne (1986) as
implemented for nod-subtracted spectra in Bailey et al. (2012). The code used to analyze
the data in this work is a modified version of that described in Bailey et al. (2012), tuned to
work for CSHELL data. The advantage of optimally extracting spectra over the standard
extraction is that the optimal extraction minimizes the noisy contribution of the profile
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wings and eliminates and/or mitigates noise features within the spectral profile caused by
cosmic rays and deviant pixels not excluded with the bad pixel mask.
To obtain an optimally extracted spectrum, we summed the pixels from the nod sub-
tracted images over the cross-dispersion to give the standard spectrum. We then fitted a
second order polynomial to map the curvature of the flux centroid for the order on the
detector. Next, we fitted the spectral profile of the standard spectrum with a Gaussian
to model our spatial profiles at each pixel step (column) along the order parallel to the
dispersion direction of the nod-subtracted spectral image. From this, the variance of the
profile was determined. Then, we summed the pixels weighted by the variance image of the
spectrum’s spatial profile to create our two dimensional optimally extracted spectrum. For
low SNR data, we implemented a clipping routine that interpolates over a pixel that is more
than 5σ above or below the running average of the five pixels next to the pixel in question
to remove any remaining deviant features.
To obtain an estimate of the SNR for each spectrum, we use a simplified version of the
CCD equation from Mortara & Fowler (1981) modified to account for the noise introduced
by subtracting pairs of images. When performing a nod pair subtraction we remove the
sky background, dark current and bias simultaneously. Therefore, we cannot distinguish
between these values and refer to them collectively as the uncertainty in background. Exe-
cuting a pair subtraction means that we have to deal with this uncertainty in the background
twice and the read noise associated with each of those background estimates. In most cases,
the background of the first image (Image A) should equal (within the uncertainty) the back-
ground of the second image (Image B). Therefore, we simply double the noise contribution
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from the background and the read noise. The equation to calculate the SNR per pixel is as
follows:
SNR =
Se√
Se + 2 · n(Be + R2e)
where Se is the total number of counts in electrons per integrated column of a spectrum
extracted from a nod-subtracted image, n is the number of pixels in the spatial direction
that are integrated over during the extraction, Be is the integrated background counts of
the corresponding sky image before image subtraction is performed, in electrons per pixel,
and Re
2 is the square of the read noise set to be 30 electrons pixel−1 as determined by
Greene et al. (1993).
Following the above description, we determine the SNR for each integrated pixel of the
spectrum and set the final SNR for the spectrum to be the mean of these values. The SNRs
are then added in quadrature for the nod A and nod B measurements to give a combined
SNR value.
Because of occasional poor weather conditions leading to low SNR, not all observations
are suitable for precision RV analysis. We require the SNR of the individual spectrum in
the nod pair to be greater than 50 and the reduced χ2 estimate of our modeling prescription
(§7.3) to be below 3.5.
7.3 Method to Determine Spectral Properties
We fit each observation to high resolution spectral models that are convolved to the res-
olution of CSHELL. Each model spectrum is formed by combining a synthetic stellar
spectrum and an empirical telluric spectrum. The synthetic stellar spectra are created
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from NextGen models (Hauschildt et al. 1999). The telluric model spectra are extracted
from observations of the Sun from an ultra high resolution KPNO/FTS telluric spectrum
(Livingston & Wallace 1991). We adopt the stellar template closest in temperature to our
star, using the assigned spectral types and the temperature scale of Kraus & Hillenbrand
(2007). We fix the surface gravity log(g) to 4.8 dex (cgs) for all of our stars, which is con-
sistent with measurements assembled in Mentuch et al. (2008) and Hillenbrand & White
(2004) for field M-dwarfs.
The model spectrum consists of 19 free parameters to fit. The linear limb darkening
coefficient is set to 0.6 for all stars, which is appropriate for cool stars at infrared wavelengths
(Claret 2000). Three of the parameters make up a quadratic polynomial that characterizes
the wavelength solution. Nine of the parameters are Gaussians used to model the line spread
function (LSF) of the spectrum; we assume that the LSF along the order is constant. The
remaining six parameters are the depth of the telluric features, the depth of the stellar
features, the projected rotational velocity (vsini), the RV, a normalization constant, and a
linear normalization term.
We fit the empirical telluric spectrum to our rapidly rotating A star for each night we
procured observations of A stars. From this measurement, we estimate the wavelength solu-
tion and the instrumental profile. We solve for the instrumental profile by interpolating the
input spectrum onto a log-linear wavelength grid and convolving it with a Gaussian kernel
set to the spectral resolution of the instrument determined by fitting the telluric spectrum.
We tested both single and multiple Gaussian functions to obtain the instrumental profile
of CSHELL. We favor multiple Gaussians to fit the instrumental profile, as we had better
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agreement between the RV estimates from the AB nod pairs and smaller RV dispersions
overall. The Gaussian kernel is composed of one central Gaussian and four satellite Gaus-
sians on each side following closely the technique described in Valenti et al. (1995). We set
the positions of the centers of the Gaussians and the widths of the satellite Gaussians so
that their half-widths just overlap. The amplitude of the central Gaussian is constrained
by the normalization factor, while the width of the central Gaussian is allowed to vary.
The amplitudes of the satellite Gaussians are allowed to vary. Optimization of these values
is accomplished by minimizing the variance weighted reduced chi-squared as described in
Bailey et al. (2012) to best reproduce the observed spectrum. In the cases when no A stars
were observed on a night, we use the mean values determined on nights close to the night
when A stars were observed.
After fitting the telluric spectrum, the nine parameters used to characterize the LSF
are kept constant for all remaining fits. We use an iterative process where we fit the target
spectrum to the combined synthetic stellar model and empirical telluric model. On the
first iteration, we fit the wavelength solution, the depth of the telluric spectrum, the RV,
the normalization constant, and the linear normalization term. With an improved guess
on our second iteration, we allow the vsini, the depth of the telluric model, the depth of
spectral model and the two normalization constants to fluctuate. The vsini is determined
following the description provided in Gray (2005). We adopt the average vsini value from
this iteration for all epochs as the vsini value for the star. Finally, we repeat the first iterative
process allowing the wavelength solution, the depth of the telluric spectrum, the RV, the
normalization constant, and the linear normalization term to vary in order to determine
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Figure 7.1: Spectral Modeling of GJ 300. Spectra are modeled by combining a telluric
spectrum (top spectrum) with a synthetic stellar spectrum (2nd spectrum); the telluric
spectrum provides an absolute wavelength reference. A CSHELL spectrum of GJ 300 are
shown (black) in comparison with the the best fit (red; 3rd spectrum). The residuals of the
fit are shown (bottom spectrum).
the absolute RV of the star. Computationally, the optimization of the model spectrum is
completed using AMOEBA, which is a routine used for minimization of multiple variables
using the downhill simplex method of Nelder & Mead (1965). We note that AMOEBA is
very sensitive to initial guesses and is given user specified ranges to restrict the answers to
physically reasonable solutions. An example of an optimally extracted spectrum fit to our
telluric and stellar models is shown in Figure 7.1.
Rather than use the full 256 pixels along the order, the modeling analysis is restricted
to pixels between 10 and 245, which corresponds to a small continuum area on the spectra.
These boundaries are set to prevent strong absorption features from moving in and out of
the analysis region on different epochs, because of different barycentric corrections. Partial
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features that are cut off by the edge of the chip can cause our RV value to change on the
order of 100 m s−1. Using the restricted pixel range, Davison et al. (2015) showed that the
average precision improved by 27% for 12 CAESAR stars.
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Infrared Spectroscopic Results
8.1 Spectroscopic Analysis of Infrared CSHELL/IRTF Spectra
Of the 48 CAESAR stars for which we obtained CSHELL spectra, we successfully measured
RVs on multiple epochs for 47 of these. We were not able to obtain precise RV measurements
of the rapid rotator (vsini= 37.5±2.0 km s−1) G 188-038, as the spectral lines of this star are
very broad (5.7A˚) relative to the small wavelength coverage (∼50A˚). In addition, we also
report results on 10 other stars (AU Mic, G 169-029, GJ 281, GJ 393, GJ 745B, GJ 873, GJ
905, GJ 1245B, LHS 1805, LHS 3376) that we measured during the course of our observations
(see §7.1). The subsequent RV analysis is for the full set of 57 stars (47 CAESAR and 10
additional stars) observed. The RV measurements for the two spectroscopic binaries, LHS
1610AB and GJ 867BD that were initially thought to be a part of our sample are presented
in Chapter 10. The RV results of the spectroscopic modeling are shown in Figures 8.1-
8.4 and the values are given in Table 8.1 with objects listed alphabetically. Multiple RV
measurements on a single night are averaged to provide a single epoch value for a total of
387 nightly RV epochs for all the stars. All RV measurements are corrected to the Solar
System barycenter using a correction prescription accurate to ∼ 1 m s−1 (G. Basri; priv.
communication). SNR is based on the gain corrected mean counts in the spectrum (see
§7.2).
We did not obtain data for eight faint (Ks > 8.5 mag) CAESAR stars (GJ 283B, GJ
644C, GJ 752B, LHS 1302, LHS 1326, LHS 1375, LHS 3003, LP 655-048), as many difficulties
occurred while attempting to observing these stars (e.g. problems with guiding and poor
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weather conditions). We also did not obtain data for LP 771-095A, due to observing time
constraints.
8.2 Projected Rotational Velocities (vsini)
We report vsini values for 58 stars. The vsini value is the average of the nightly best fit
vsini measurements. The error on the vsini value is calculated as the standard deviation of
the best fit nightly vsini measurements. We note that now only two of the CAESAR stars
(LHS 1302, GJ 283B) do not have vsini values.
We do caution that the spectral resolving power of CSHELL (∆ ν=5.3 km s−1) is not
high enough to fully resolve the lines of the slowest rotators. Line broadening becomes
measurable for vsini values in excess of 3 km s−1; therefore we set this value as our vsini
detection limit. This detection threshold is in line with those reported by Reiners et al.
(2012) of 3 km s−1 and Browning et al. (2010) of 2.5 km s−1 for similar resolution spectra
(R=45,000-48,000). Our vsini values range from less than 3 km s−1 to 37.5 km s−1.
We detect rotational broadening above our detection threshold for 20 out of the 58 stars;
nearly two-thirds of the mid M-dwarfs observed have vsini values below 3 km s−1. Of the
stars with detected rotational broadening, we also identify a subset of 14 high vsini (>6.5
km s−1) stars (AU Mic, G 169-029, G 188-038, GJ 493.1, GJ 896A, GJ 896B, GJ 1111, GJ
1156, GJ 1207, GJ 1245B, LHS 2090, LHS 2206, LHS 3376, LP 876-010), which we expect
to have higher RV dispersions because the achievable RV precision is diminished for faster
rotating stars. The limit of when to consider a star as a high vsini target is set empirically
by determing where the RV dispersion starts to increase for our data as a function of vsini
(see §8.3.2). When determining our RV precisions and RV errors we will treat stars with
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high vsini (> 6.5 km s−1) as a separate subset of stars (see §8.2). Precedence for treating
targets with vsini below 6.5 km s−1 as a separate subsample of slowly rotating targets is set
by one of the largest RV surveys of 102 southern M-dwarfs (Bonfils et al. 2013a).
We report the first vsini measurement for 4 of the 58 stars (G 169-029, GJ 102, GJ
1103, GJ 1235) observed. The M4.5Ve dwarf G 169-029 (vsini = 9.9 ±0.6 km s−1) and the
M3.5Ve dwarf GJ 102 (vsini = 3.8 ± 0.7 km s−1) show rotational broadening. The M4.5V
dwarf GJ 1103 and the M4.0V dwarf GJ 1235 both have vsini values below our detection
threshold. Also, we measure for the first time precise vsini values for GJ 1256 and LHS
3799. These two stars are included in Bonfils et al. (2013a); the authors never presented the
vsini values of individual targets, but only stated that all of the stars in the sample have
vsini values below 6.5 km s−1. The M4.0V dwarf GJ 1256 and the M4.5Ve dwarf LHS 3799
both have vsini values below our detection threshold. We also give improved vsini values
for GJ 1230B and GJ 1286. These two stars originally were observed with a spectrograph
with a spectral resolving power of 31,000 and are listed with the vsini values of <7.1 km
s−1 for GJ 1230B and <5.7 km s−1 for GJ 1286 (Mohanty & Basri 2003). We measured
these stars to have vsini below our detection threshold of 3 km s−1. Further analysis and
comparison of our vsini values with those of the literature are given in §11.1.
8.3 Radial Velocity Errors, Precisions and Dispersions
8.3.1 Slow Rotating mid M-dwarfs
Under the assumption that these stars do not have companions, the observed RV dispersion
is presumed to be caused by a combination of theoretical photon noise error, intrinsic stellar
jitter and instrumental error (σobs
2 = σphoton
2 + σstellar
2 + σinstr
2). We adopted the same
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instrumental value determined for 12 CAESAR stars in Davison et al. (2015). Here, we
briefly review how this number is calculated. The theoretical photon noise error for each
spectrum is calculated based on the prescription by Butler et al. (1996). The theoretical
photon noise error for each star is the average of the nightly theoretical photon noise errors.
In Davison et al. (2015), the average theoretical photon noise error for the 12 CAESAR
stars is 57 m s−1, with a standard deviation of only 14 m s−1. The stellar jitter is assumed
to be zero, as we are observing a field population of slowly rotating M-dwarfs. This is
supported by results of Bonfils et al. (2013a) showing that the observed RV dispersions
based on optical spectral for nine of the stars in this sub-sample are below 10 m s−1. We
solve the equation above to determine the instrumental error (σinstr
2 = σobs
2 − σphoton2)
for each star, in which the observed dispersion is the standard deviation of the nightly RV
measurements. The average instrumental error for this subset of 12 stars in Davison et al.
(2015) is 73 m s−1, with a standard deviation of 42 m s−1. We adopt this number as the
instrumental error for all targets in our sample with low vsini (< 6.5 km s−1). The final
measurement error assigned to each RV measurement is calculated as the instrumental error
added in quadrature with the theoretical photon noise error.
In Davison et al. (2015), we estimated the limiting precision of our technique using
CSHELL and here we give a recap of that synopsis. The median RV error for high SNR
spectra (>150) of the 10 slowly rotating stars (vsini < 3.0 km s−1) from Davison et al.
(2015) is 88 m s−1. This is dominated by the instrumental error (73 m s−1), which suggests
a limiting precision of ∼90 m s−1 for high SNR, slowly rotating mid to late M-dwarfs. We
note that some of the instrumental uncertainty could be a consequence of our modeling
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prescription; a more sophisticated approach that accounts for additional instrumental ef-
fects may yield better results, but no evidence of additional effects have been identified
yet. We also note that a comparable precision of 58 m s−1 has been reported for mul-
tiple epoch measurements of the slowly rotating, bright M0 star GJ 281 using CSHELL
(Crockett et al. 2011). These precisions are nevertheless considerably better than the de-
sign specs for CSHELL (Tokunaga et al. 1990; Greene et al. 1993), especially considering
the small wavelength coverage, and are credited to the talents of the instrument team.
In Table 8.1, we report the RV measurements and RV errors for each star. In Fig-
ures 8.1−8.3, nightly averaged relative RV measurements are plotted by epoch for stars
with low vsini (< 6.5 km s−1). In these figures, vertical dotted lines are used to indicate
long time spans between different observing runs, which themselves span 1−3 weeks. Our
observed dispersions for these 44 stars with low vsini range from 29 m s−1 to 265 m s−1.
Our average observed dispersion is 115 m s−1, with a standard deviation of 51 m s−1.
Two of these stars, GJ 1103 and GJ 1154 have been reported to be SBs; complimentary
RV data have not been provided by the authors (Bonfils et al. 2013a). We observed GJ 1103
for three nights that span nine days and find GJ 1103 to have a constant velocity within 95
m s−1. Also, we observed GJ 1154 for seven nights that span almost three years and find
it to have a constant velocity within 143 m s−1. We find no indication that these two stars
are SBs as previously reported.
In Table 8.2, we summarize the infrared spectroscopic results, including the absolute
RV, the number of epochs, the time span of observations, the standard deviation of the
RV measurements, the vsini value and its uncertainty. The absolute RV is the mean of
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the RV measurements from different nights. We note that systematic uncertainties in the
adopted synthetic template (log(g), Teff ), and the wavelength region used in the fit can
cause RV shifts of ∼ 100 m s−1 for stars with low vsini (< 6.5 km s−1). Therefore, we set
the uncertainty of the absolute RV measurements to be 100 m s−1 for stars with low vsini.
The first 12 stars in our sample published in Davison et al. (2015) all have previous absolute
RV measurements and those measurements are less than 3 sigma from our measurements
(Gizis et al. 2002; Nidever et al. 2002), and this further validates that our absolute RV
measurements and errors are calculated appropriately.
8.3.2 Fast Rotating mid M-dwarfs
Here we present our results on fast rotators for our sample to determine both the short
period multiplicity of these stars and to determine the achievable RV precision that one can
measure for these stars. If we compare our RV measurement and the corresponding errors as
determined for low vsini targets over time for our 13 high vsini targets (> 6.5 km s−1) under
the assumption that stellar error is zero (see Figure 8.4), we would expect that all of these
targets have companions. As this is highly unlikely, we conclude that the star itself or the
technique implemented may be the cause of the increase in RV dispersion. For fast rotators,
the stellar error can no longer be assumed to negligible, as these stars are generally more
active (Noyes et al. 1984). As a tentative conformation of this, there is a higher fraction
of emission-line stars in our subset of fast rotators than in our general sample. All 13 of
the stars with vsini larger than 6.5 km s−1 are emission-line stars (see §3.2.2). Also, the
increase in RV dispersion is not a consequence of our inability to measure spectral lines,
as the spectral features are still distinct (see Figure 1.1). Furthermore, this increase in RV
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dispersion is not caused by a high increase in the theoretical photon noise error, as these
error values are only slightly higher for fastest rotators. Figure 8.5 demonstrates how our
measured RV dispersion increases towards higher vsini values. For our 13 stars with high
vsini (> 6.5 km s−1), we fit a linear relation to our measured vsini values and our RV
dispersions, shown in right panel of Figure 8.5.
RV dispersion = 34.2 · vsini− 173.5
where RV dispersion has the units of m s−1 and vsini value has the units of km s−1. The
best fit relation suggests that on average the RV dispersion drops below 100 m s−1 for vsini
values less than 7 km s−1, which is roughly consistent with our division between slow and
fast rotators. This relation also predicts that the RV dispersion increases above 700 m/s
for vsini values larger than 25 km s−1. Using this best fit line, we estimate an adopted RV
error for our fast rotating targets (vsini > 6.5 km s−1) that will be used to set companion
detection limits in §9.2. We do caution that this line is heavily weighted by the two stars
(GJ 896B, LP 876-010) with vsini values of ∼25 km s−1.
We note that in Figure 8.4 the RV errors for rapidly rotating stars are calculated as
the instrumental error determined for low vsini targets and the theoretical photon noise
error added in quadrature. These errors are listed in Table 8.1. This is done to illustrate
that the large RV changes are statistically significant relative to the expected measurement
errors. Nevertheless, these large RV variations inhibit companion detection, as discussed in
Chapter 9.
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To be conservative, we increase the uncertainty of the absolute RV measurements for
stars with high vsini (> 6.5 km s−1) to be the standard deviation of the RV measurements,
as we do not have many RV epochs for our 13 fast rotators.
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Figure 8.1: RV curves for stars with low vsini (< 6.5 km s−1) values. Nightly averaged
relative radial velocity measurements are plotted by epoch (see Table 8.1 for a list of JD).
Vertical dotted lines are used to indicate long time spans between different observing runs
(∼ 1 to 3 weeks).
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Figure 8.2: RV curves for stars with low vsini (< 6.5 km s−1) values continued. Nightly
averaged relative radial velocity measurements are plotted by epoch (see Table 8.1 for a list
of JD). Vertical dotted lines are used to indicate long time spans between different observing
runs (∼ 1 to 3 weeks).
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Figure 8.3: RV curves for stars with low vsini (< 6.5 km s−1) values continued. Nightly
averaged relative radial velocity measurements are plotted by epoch (see Table 8.1 for a list
of JD). Vertical dotted lines are used to indicate long time spans between different observing
runs (∼ 1 to 3 weeks).
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Figure 8.4: RV curves for stars with high vsini (> 6.5 km s−1) values. Nightly averaged
relative radial velocity measurements are plotted by epoch (see Table 8.1 for a list of JD).
Vertical dotted lines are used to indicate long time spans between different observing runs
(∼ 1 to 3 weeks).
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Figure 8.5: Fast rotating stars (vsini > 6.5 km s−1) have larger radial velocity dispersions.
The left panel illustrates the RV dispersion as a function of vsini for all the stars observed
in our RV campaign. Most stars with vsini < 6.5 km s−1 have RV dispersions less than
200 m s−1. The right panel demonstrates how the RV dispersion increases with higher
vsini values. The best fit line (solid) for vsini values between 8 and 30 km s−1 is set to
y=34.2x−173.5. With it being unlikely that all of these fast rotating stars have stellar
companions, we can infer that our RV measurements of fast rotating stars must have higher
stellar and/or instrumental errors than that of slow rotating stars.
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Table 8.1: Radial Velocity Measurements
Name HJD − 2,400,000 Radial Velocity SNR
(m s−1)
GJ 1002 54787.41b −39770± 85 132
54788.35 −39886± 101 162
54790.37b −39768± 90 207
55146.44 −39912± 95 177
55150.38 −39976± 86 113
55151.39 −39913± 84 150
GJ 54.1 54788.32 28145± 91 180
54790.41b 28122± 88 215
54792.29 28248± 111 114
55146.46 28537± 93 154
55149.39 28401± 102 127
55150.40 28503± 117 113
55151.40 28290± 90 182
55154.43 28407± 94 225
GJ 83.1 54787.46b −28358± 101 213
54788.29 −28427± 101 207
54790.43b −28341± 98 241
55146.48 −28614± 104 134
55149.44 −28464± 89 205
55151.43 −28551± 94 206
55154.46 −28435± 87 221
GJ 102 56259.44b −6656± 104 136
56260.43 −6372± 103 142
56261.35 −6369± 113 131
56270.37 −6389± 121 163
56271.37 −6471± 105 145
56571.40 −6360± 124 103
56577.39 −6463± 103 141
GJ 105B 56259.46b 26456± 85 221
56260.45 26507± 88 199
56261.37 26589± 109 224
56270.40 26300± 96 160
56271.38 26204± 93 178
SO 0253+1652 56270.42 68685± 92 147
56271.40 68675± 96 137
56576.40 69067± 93 149
56577.43 68958± 109 129
GJ 1057 56259.50b 28614± 96 134
56260.53 28661± 91 141
56270.49 28411± 103 108
56271.47 28219± 97 132
56272.47 28542± 94 138
GJ 1065 56259.53b −9118± 87 162
56260.55 −8984± 92 135
56270.46 −9163± 95 145
56271.43 −9122± 137 82
114
Table 8.1 – Continued
Name HJD − 2,400,000 Radial Velocity SNR
(m s−1)
GJ 1065 56272.45 −9110± 93 151
GJ 166C 56525.63 −43193± 85 269
56527.60 −43111± 82 463
56529.60 −43207± 89 359
56574.52 −43113± 84 398
56576.55 −42949± 87 352
LHS 1723 54787.51b 42533± 94 200
54788.40 42559± 93 149
54790.47b 42497± 91 188
55149.47 42327± 90 157
55151.50 42377± 86 180
55154.49 42287± 82 217
GJ 203 56259.57b 60858± 94 169
56270.57 61045± 101 134
56271.55 60696± 99 145
56272.52 60993± 94 177
56667.48 60700± 96 149
56668.47 60861± 94 158
56669.47 60913± 106 127
GJ 213 54787.54b 106489± 99 164
54788.52 106186± 99 218
54790.49b 106107± 95 185
55146.51 106431± 112 114
55149.48 106289± 93 176
55154.51 106190± 90 282
G 99−049 54787.56b 30171± 92 200
54788.44 30077± 96 258
54790.51b 30171± 87 254
54791.47b 30132± 118 202
55146.52 30244± 122 119
55149.50 30352± 105 140
55151.53 30317± 102 215
55154.56 30057± 90 208
55638.31 30144± 95 176
55641.23 30130± 104 145
55642.27 30294± 86 245
LHS 1805a 55146.53 2162± 100 136
55151.56 2101± 94 163
55154.54 2178± 85 234
55638.28 2187± 125 143
55643.26 2276± 87 218
55645.25 2081± 105 125
GJ 232 56259.59b −10863± 99 155
56270.59 −11298± 102 137
56271.58 −11595± 103 137
56272.54 −11426± 108 129
56667.51 −11094± 93 172
56668.52 −11085± 100 129
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Table 8.1 – Continued
Name HJD − 2,400,000 Radial Velocity SNR
(m s−1)
GJ 1093 56259.62b −29548± 101 126
56271.61 −29507± 106 109
56272.57 −29061± 121 95
56666.54 −29387± 103 112
56668.55 −29324± 105 102
GJ 273 54787.57b 18046± 91 219
54788.49 18164± 97 207
54790.52b 18024± 92 223
54791.53b 18024± 88 266
54792.47 18020± 94 249
54960.24 18388± 93 209
54964.26 18233± 93 185
55146.55 18039± 83 159
55149.54 18142± 94 201
55154.64 18114± 90 195
55320.24 18342± 90 230
GJ 281a 54787.58b 19894± 90 203
54788.52 19989± 90 175
54790.53b 20039± 88 222
54791.55b 19944± 88 269
54792.49 19935± 104 196
GJ 285 54787.60b 26573± 90 223
54788.55 26638± 120 210
54790.54b 26609± 90 229
54791.58b 26782± 93 165
54960.26 26775± 104 119
54962.24 26703± 99 162
54963.25 26503± 104 137
54964.25 26725± 92 182
55146.55 26594± 94 129
55320.26 26710± 94 236
55642.29 26650± 86 268
55645.28 26575± 84 374
56261.55 26725± 88 215
56671.53 26866± 86 249
GJ 1103 55637.40 38864± 95 199
55645.31 38787± 94 167
55646.38 38975± 85 220
GJ 299 54787.62b 15282± 136 120
54790.57b 15102± 135 185
54791.61b 14980± 137 87
54960.28 14878± 111 109
55146.61 14925± 154 80
55149.58 14989± 134 135
55151.59 14958± 124 107
55154.59 14797± 116 189
55321.28 14992± 103 142
GJ 300 54790.60b 9064± 84 199
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Table 8.1 – Continued
Name HJD − 2,400,000 Radial Velocity SNR
(m s−1)
GJ 300 54791.65b 9198± 97 103
54963.27 8882± 85 178
54964.29 9237± 109 89
55151.64 8922± 96 118
55154.63 9061± 83 184
55317.25 9047± 83 190
55321.30 8994± 81 181
55644.36 9042± 84 176
56671.60 8981± 85 154
GJ 1111 55638.36 10519± 113 141
55644.40 10431± 95 280
55645.34 10276± 98 192
55646.41 10523± 91 229
56669.57 10350± 105 160
LHS 2090 54790.64b 8626± 201 115
54962.31 8978± 155 145
54963.33 8809± 170 125
54964.31 9046± 186 80
55335.29 8919± 161 96
LHS 2206 56666.58 −10759± 155 112
56668.58 −11057± 146 116
56670.63 −10819± 189 132
GJ 393a 55637.44 8530± 84 298
55638.39 8530± 89 227
55642.31 8522± 83 287
55643.29 8646± 84 327
55644.45 8667± 88 310
55645.37 8570± 88 376
55646.43 8673± 85 254
56260.66 8569± 89 210
56261.60 8385± 93 180
56271.66 8371± 88 211
56272.62 8491± 122 158
56667.68 8497± 92 177
56671.58 8532± 83 301
LHS 292 56270.64 1855± 103 112
56271.63 2081± 95 141
56666.61 1848± 96 145
56668.62 2050± 93 152
56670.58 2376± 99 128
56728.54 2181± 111 87
57053.58 2124± 109 196
GJ 402 54961.30 −1064± 93 165
54962.27 −1264± 93 214
54964.37 −977± 92 180
55317.32 −924± 93 178
55319.35b −1042± 127 72
55320.39 −1053± 89 178
55321.39 −880± 87 210
55330.32 −1116± 86 231
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Table 8.1 – Continued
Name HJD − 2,400,000 Radial Velocity SNR
(m s−1)
GJ 402 55335.32 −978± 87 208
55643.30 −1026± 85 243
GJ 406 54962.33 19429± 81 212
54963.38 19415± 83 193
54964.38 19332± 89 148
55320.41 19759± 81 199
55321.40 19653± 80 204
55323.41 19548± 84 166
55330.33 19462± 94 87
55331.30 19465± 80 239
55335.34 19546± 80 162
55637.46 19731± 80 257
55643.32 19625± 79 180
55645.39 19489± 80 273
GJ 447 54960.42 −30953± 130 77
54961.28 −30887± 92 176
54962.34 −30841± 102 233
54963.38 −30886± 97 159
54964.39 −30847± 104 132
55317.36 −31021± 91 273
55321.43 −30972± 88 196
55638.41 −31190± 89 216
56261.65 −30808± 91 279
56669.67 −30871± 89 209
GJ 1154 55637.49 −13452± 120 121
55644.49 −13153± 95 274
55645.41 −13247± 92 212
56666.64 −13174± 102 163
56668.64 −13233± 101 161
56669.65 −13010± 121 121
56671.64 −13065± 97 181
GJ 1156 54962.41 5936± 166 175
54963.45 5555± 144 143
54964.47 5861± 198 112
55317.40 5656± 163 164
55320.50 5788± 146 143
55321.49 5637± 136 155
55323.49 5511± 147 130
55324.47 6194± 114 166
55330.39 5844± 132 165
55335.41 6047± 143 145
55646.46 5031± 116 205
GJ 486 55637.53 19039± 92 269
55642.34 19034± 89 197
55643.34 19086± 85 228
55644.53 19093± 85 267
55645.44 19025± 85 267
56259.64b 19074± 88 188
GJ 493.1 55645.46 −25571± 126 202
56666.67 −25629± 136 173
GJ 493.1 56668.67 −26001± 172 131
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Table 8.1 – Continued
Name HJD − 2,400,000 Radial Velocity SNR
(m s−1)
56671.67 −25119± 187 125
GJ 555 54959.43 −1417± 84 214
54960.44 −1364± 98 116
54961.41 −1365± 82 197
54962.44 −1433± 98 238
54963.47 −1481± 99 124
54964.50 −1376± 84 166
55320.52 −1467± 81 199
55355.44 −1389± 78 226
GJ 609 56161.25 6529± 109 131
56163.25 6599± 129 145
56173.26 6710± 94 169
56174.25 6702± 97 148
GJ 628 54959.40 −20969± 89 139
54960.46 −21135± 96 132
54962.46 −21058± 80 168
54963.47 −21100± 89 181
54964.51 −20980± 91 149
55320.53 −21257± 87 178
55331.36 −21205± 77 258
55335.45 −21180± 83 180
56174.24 −21095± 79 229
G 169-029a 56161.28 −41830± 150 115
56173.28 −41837± 132 133
56576.23 −42207± 130 126
GJ 643 54959.44 15887± 91 180
54962.48 15925± 98 192
54964.52 16035± 98 175
55320.54 15869± 96 165
55331.38 15974± 91 186
55335.46 15989± 90 205
GJ 1207 56160.32 −4175± 133 141
56161.30 −3975± 124 169
56163.34 −3944± 126 159
56173.30 −3659± 143 139
56174.28 −3839± 95 151
57053.67 −3738± 121 175
57054.67 −3643± 137 140
GJ 699 54959.54 −109994± 89 238
54960.47 −110083± 106 142
54961.49 −109990± 90 234
54962.50 −109658± 114 163
54964.54 −109850± 95 210
55638.53 −110282± 90 224
56163.22 −110321± 83 363
56173.21 −110299± 83 366
GJ 1224 54961.51 −32425± 127 84
54962.52 −32609± 135 122
GJ 1224 54963.52 −32811± 96 163
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Table 8.1 – Continued
Name HJD − 2,400,000 Radial Velocity SNR
(m s−1)
54964.59 −32559± 164 100
55320.56 −32560± 90 157
55321.52 −32704± 90 160
55335.49 −32789± 87 175
LHS 3376a 54961.58 5161± 181 127
54964.62 5816± 212 113
55320.60 5222± 194 110
55321.61 4907± 183 116
55335.57 5110± 155 155
GJ 1230B 56163.36 −10533± 115 71
56174.34 −10761± 181 54
56576.26 −10814± 112 64
56577.25 −10635± 110 138
GJ 729 54959.56 −10109± 84 242
54960.55 −10178± 82 257
54961.54 −10236± 97 198
54962.63 −10127± 109 275
55335.51 −10419± 81 274
55392.46b −10397± 81 228
GJ 745Ba 56527.47 32629± 89 201
56576.30 32747± 118 101
56577.29 32650± 87 215
56578.26 32700± 101 212
GJ 1235 56161.32 4654± 101 144
56163.39 4860± 99 143
56173.37 5005± 103 138
56571.27 4941± 98 136
56572.31 5093± 97 140
56577.31 5048± 90 164
GJ 1245Ba 55150.30 5809± 99 167
55151.30 5627± 99 158
55154.31 5436± 101 152
55335.62 5299± 108 150
GJ 1256 56571.32 −59389± 92 228
56572.34 −59425± 94 161
56576.36 −59458± 97 136
56577.35 −59346± 90 166
56578.31 −59393± 118 96
AU Mica 56525.50 −4097± 102 180
56527.44 −4520± 86 308
56529.46 −4688± 86 292
56573.28 −4285± 97 220
56574.31 −3936± 99 216
LHS 3799 54790.28b −1643± 104 158
55146.32 −1568± 92 129
55149.24 −1612± 83 188
55150.27 −1651± 85 173
55151.27 −1596± 90 143
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Table 8.1 – Continued
Name HJD − 2,400,000 Radial Velocity SNR
(m s−1)
55392.58b −1779± 88 193
GJ 873a 55149.22 151± 99 171
55150.32 430± 92 162
55151.32 181± 108 118
55154.35 329± 100 223
55335.63 198± 86 232
56525.54 315± 85 395
56527.55 367± 83 567
56529.52 359± 90 329
56572.44 283± 100 306
56574.39 338± 86 381
56575.38b 394± 90 250
56576.42 448± 87 476
56577.37 480± 83 325
LP 876-010 56161.39 5362± 209 222
56173.40 4347± 280 134
56174.39 5827± 250 132
GJ 896A 56573.36 −275± 107 394
56848.64 363± 110 263
GJ 896B 56573.39 3012± 156 230
56848.63 4160± 182 181
GJ 1286 54787.37b −40687± 125 74
55146.37 −40871± 100 126
55149.29 −40897± 126 76
55151.36 −40850± 98 109
55154.40 −40714± 100 138
GJ 905a 54787.34b −77880± 90 202
54788.23 −77852± 106 150
55146.39 −77847± 98 131
55150.33 −77812± 87 213
55151.33 −77837± 99 166
55154.36 −77858± 87 190
55392.55b −77829± 85 212
aThese ten stars are not part of the CAESAR sample.
bNo telluric standards were observed on this night.
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Table 8.2: Spectroscopic Results
Name Model Teff Abs. RV
a N ∆ time σRV vsini
b
(K) (m s−1) (# nights) (days) (m s−1) (km s−1)
GJ 1002 3000 −39871 6 368 84 1.4±0.3b
GJ 54.1 3000 28332 8 366 156 1.0±0.9b
GJ 83.1 3000 −28456 7 367 98 1.6±1.0b
GJ 102 3200 −6440 7 318 105 3.8±0.7
GJ 105B 3200 26411 5 12 157 0.8±0.9b
SO 0253+1652 3000 68846 4 307 197 1.6±0.7b
GJ 1057 3000 28489 5 13 178 0.7±0.9b
GJ 1065 3200 −9099 5 13 68 1.0±0.8b
GJ 166C 3000 −43115 5 51 102 1.3±0.7b
LHS 1723 3000 42430 6 367 115 1.0±0.8b
GJ 203 3200 60867 7 410 134 1.4±0.7b
GJ 213 3200 106240 5 366 124 1.0±0.8b
G 99-49 3200 30190 11 855 98 5.8±0.3
LHS 1805c 3200 2164 6 499 70 1.1±0.8b
GJ 232 3200 −11227 6 409 265 1.1±0.8b
GJ 1093 3000 −29365 5 409 193 1.8±0.3b
GJ 273 3200 18140 11 533 131 0.9±0.8b
GJ 281c 3400 19960 5 5 56 1.0±0.9b
GJ 285 3000 26673 14 1884 99 3.6±1.3
GJ 1103 3000 38875 3 9 95 0.8±0.7b
GJ 299 3200 14989 9 534 138 1.2±0.8b
GJ 300 3200 9043 10 1881 110 0.9±0.7b
GJ 1111 3000 10420 5 1031 107 11.1±0.4
LHS 2090 3000 8876 5 545 165 15.2±1.3
LHS 2206 3000 −10878 3 4 158 10.8±1.1
GJ 393c 3400 8537 13 1034 93 1.2±1.2b
LHS 292 3000 2074 7 783 185 2.1±1.0b
GJ 402 3000 −1032 10 682 107 1.0±0.8b
GJ 406 3000 19537 12 638 132 1.6±0.7b
GJ 447 3000 −30928 10 1709 113 1.2±0.7b
GJ 1154 3000 −13191 7 1034 143 6.3±0.5
GJ 1156 3000 5733 11 684 312 16.1±1.2
GJ 486 3000 19059 6 622 29 1.3±0.8b
GJ 493.1 3000 −25580 4 1026 362 17.3±0.8
GJ 555 3200 −1413 8 396 47 0.6±0.7b
GJ 609 3000 6635 4 13 87 0.3±0.9b
GJ 628 3200 −21109 9 1215 98 1.2±0.7b
G 169-029c 3000 −41958 3 215 215 9.9±0.6
GJ 643 3200 15946 6 376 64 0.9±0.8b
GJ 1207 3200 −3853 7 894 192 11.1±0.7
GJ 699 3200 −110060 8 1214 236 1.3±0.8b
GJ 1224 3000 −32673 7 374 139 1.4±0.4b
LHS 3376c 3200 5243 5 374 341 16.1±0.7
GJ 1230B 3000 −10686 4 414 127 0.3±0.5
GJ 729 3200 −10244 6 433 125 3.8±0.6
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Table 8.2 – Continued
Name Model Teff Abs. RV
a N ∆ time σRV vsini
b
(K) (m s−1) (# nights) (days) (m s−1) (km s−1)
GJ 745Bc 3400 32681 4 51 53 1.5±0.5b
GJ 1235 3000 4933 6 416 159 0.8±0.8b
GJ 1245Bc 3200 5543 4 185 223 7.9±0.4
GJ 1256 3000 −59404 5 7 42 0.6±0.6b
AU Micc 3400 −4305 5 49 305 10.3±1.0
G 188-038 3200 ... 3 411 ... 37.5±2.0
LHS 3799 3000 −1641 6 602 74 1.5±0.5b
GJ 873c 3000 323 12 1428 105 3.0±0.9
LP 876-010 3000 5179 3 13 757 25.7±3.1
GJ 896A 3200 44 2 275 451 16.2±0.5
GJ 896B 3000 3586 2 275 812 27.0±1.1
GJ 1286 3000 −40803 5 367 96 0.7±0.9b
GJ 905c 3000 −77845 7 605 22 0.8±0.8b
aThe error on the absolute RV measurements is estimated to be ∼ 100 m s−1, based on
systematic uncertainties for targets with low vsini (< 6.5 km s−1). Conservatively, we
estimate the absolute RV error for targets with high vsini to be the same value as the RV
dispersion for the star, as we do not have many RV epochs for these stars.
bThe vsini values reported are the values used in the best fit model. Because values below
3 km s−1 cannot be confidently measured at our resolution, we adopt a vsini upper limit
value of 3 km s−1 for these stars.
cResults for these ten stars are reported in addition to those of the results for the 48
CAESAR stars observed.
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Companion Detection Limits
9.1 Search for Periodicity
If any stars in this program monitored astrometrically or spectroscopically have a stellar,
brown dwarf or giant planet companion, its presence may be identified by variations in these
measured projections of the stars’ space velocities. For orbital periods much longer than
the temporal baseline of these observations, linear or quadratic trends in the data may be
observed. For shorter orbital periods, the data may show periodic variations.
In total, we have successfully obtained astrometric data for 53 of the 58 CAESAR stars
and RV data for 45 of the 58 stars4. We also collected both astrometric data and RV data
for G 169-029, and will place companion detection limits around this star as well. Together,
43 of our stars have an adequate amount of data to search for companions with both RV
and astrometric data. After determining that these 43 are single stars within our detection
limits, we set limits on the presence of companions via Monte Carlo simulations to determine
the minimum object mass at various orbital periods that we would have been able to detect
in our data given our measurement errors and observing cadence.
9.1.1 Visual Inspection
In Figures 6.4−6.13, the astrometric residuals are plotted over time in R.A. and Decl. sepa-
rately. In the absence of a companion, the nightly astrometric measurement should scatter
symmetrically about zero. Therefore, to begin our search we inspect all astrometric residuals
plots in both RA and DEC for linear trends and sinusoidal-like curves. A large number of
4Of those with RV data, we only search for companions around stars that have a minimum of three RV
epochs; GJ 896A and GJ 896B are the only two stars with fewer than 3 RVs.
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stars observed in the V filter appear to have astrometric measurements that do not scatter
about zero, especially between 2005 and 2009. These offsets in the astrometric residuals
are unfortunately not indicative of a companion; rather, these offsets are a consequence of
using a different V filter between 2005 February and 2009 July (see §5.2). Upon removing
the astrometric data obtained with the second V filter, we do not see indications of possible
perturbations in our remaining residuals.
Two stars, LHS 292 (see Figure 9.1) and LHS 1326 (see Figure 9.2), appear to have
potential sinusoidal-like astrometric residuals. LHS 292 has been observed in the R filter
with observations stretching from 2005 to the present. This star appears to have a sinu-
soidal variation with a period of approximately six years in the Decl. axis; the R.A. axis
data is much more scattered. We note that periodic-like variations can appear due to the
astrometric reference stars in the field. To test if one or more reference stars are causing the
apparent sinusoidal shape in the astrometric residuals, we have removed LHS 292 from our
reduction and re-run our astrometric pipeline described in §5.2 as if the closest reference
star in the field were our target star. The closest reference star does not appear to have
sinusoidal-like astrometric residuals, as shown in Figure 9.1. Therefore, we do not think
these variations are caused by the reference stars. To give a more quantitative assessment
of LHS 292, we compare the astrometric residuals to the astrometric errors. For all the stars
observed in the R band the average errors are 1.2 times greater than the residuals for both
R.A. and Decl. (§6.2). For LHS 292 the astrometric residuals are 2.4 times greater than
errors in R.A. and 2.3 times greater than the errors in Decl, both of which are significantly
greater than the average results for stars observed in the R band, lending further support
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Figure 9.1: Astrometric Residuals for LHS 292 Compared to a Reference Star. The astro-
metric residuals of LHS 292 (left panel) appear to have a sinusoidal-like variation in the
Decl. axis; the R.A. axis data is much more scattered. The astrometric residuals of the
closest reference star (right panel) to LHS 292 does not have sinusoidal-like variation in
the Decl. axis. As the closest reference star does not have the same periodic shape in the
Decl. axis as LHS 292, we do not think the variations in astrometric residuals are due to
the reference stars. We classify LHS 292 as a candidate variable.
to this star being a candidate variable. Clearly, LHS 292 should continue to be observed.
The second star that appears to have sinsuoidal-like astrometric residuals is LHS 1326,
which has been observed in the V filter since 2009. This star appears with low confidence
to form a sinusoidal curve in both R.A. and Decl; the first and last epoch heavily weight
the appearance of this curve. We again test if the reference stars are causing the apparent
sinusoidal shape in the astrometric residuals. Comparing LHS 1326 to one of its reference
stars as illustrated in Figure 9.2, we see the sinusoidal-like shape for both stars. Therefore,
we conclude that sinusoidal-like shape is likely caused by the reference stars in the FOV for
LHS 1326.
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Figure 9.2: Astrometric Residuals for LHS 1326 Compared to a Reference Star. The astro-
metric residuals of LHS 1326 (left panel) appears to have a sinusoidal-like variation. The
astrometric residuals of the closest reference star (right panel) to LHS 1326 have the same
sinusoidal-like variation as LHS 1326. As the closest reference star has the same periodic
shape as LHS 1326, the variations in astrometric residuals are due to the reference stars.
With our astrometric data suggesting that LHS 292 is a long-period candidate variable,
we search our RV data for signal possibly caused by a long period companion. We collected
seven RV epochs over a baseline of 783 days for LHS 292. We obtained an RV dispersion
of 185 m/s, and with this we do not see a trend that indicates that a massive companion
orbits LHS 292. However, our data does not exclude the possibility that this star has a
low mass companion in a wide orbit or a highly inclined orbit. To extend our hunt for
possible companions, we performed a literature search for LHS 292. Basri & Reiners (2006)
obtained three RV epochs for this star over a baseline of 3506 days in their survey to
search for spectroscopic binaries. The authors obtained the RV dispersion of 0.4 km s−1
for LHS 292, and categorize this star as a constant RV star. Also, Guenther & Wuchterl
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(2003) have obtained three RV measurements for LHS 292 over a time period of 50 days and
believe this star to be a double-lined spectroscopic binary. Their first two RV measurements
are within 0.1 km s−1 of each other; however their third RV measurement is 9.4 km s−1
greater than the previous two. This system may be an eccentric binary that only shows RV
changes around periastron. With our precise RV measurements for LHS 292 (see Table 8.1),
we see no indication of this star being a short period, double-lined spectroscopic binary
with large RV amplitudes. LHS 292 has also been included in many surveys that exclude
brown dwarf and stellar companions at orbital separations greater than 10 AU (Carson et al.
2011; Dieterich et al. 2012; Hinz et al. 2002; Oppenheimer et al. 2001; Simons et al. 1996).
However, we do not find data that exclude the possible existence of a brown dwarf or stellar
companion around LHS 292 at small separations (1-2 AU).
In Figures 8.1−8.4, the nightly RV data are plotted by epoch. We see no indication of
linear, quadratic or sinusoidal-like trends in our data.
9.1.2 Periodogram Search
To conduct a less subjective search for short- and modest-period companions around these
57 targets (46 with RV and 54 with astrometry) that are not clearly observable by visual
inspection, we search for periodic signals in the data using Lomb-Scargle periodograms
(Scargle 1982). For each star, we search for companions with periods between 0.5 to 100
days for our RV data and between 300 and 3000 days for our astrometric data (in R.A.
and Decl. separately). Using the IDL program scargle.pro, no frequencies have powers that
exceed the 2σ false alarm probability. Examples of the periodogram results for both RV and
astrometry are given in Figures 9.3−9.4 for GJ 1002 and the candidate variable LHS 292;
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Figure 9.3: RV Periodogram Plot for GJ 1002 and LHS 292. Periodogram searches are
performed with the RV data between 2 to 100 days for GJ 1002 (left panel) and for our
candidate variable LHS 292 (right panel). The RV periodogram for GJ 1002 is representive
of the other stars in our sample. No frequencies have powers that exceed the 2σ false alarm
probability, represented by the dotted line. We conclude that there are no periodic signals
in our RV data.
the periodogram outputs for GJ 1002 are representative of other stars in our sample. With
these results, we conclude that there are no periodic signals in either our RV or astrometric
data. From this, we assume our stars are single stars within our detection limits.
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Figure 9.4: RA Periodogram Plot for GJ 1002 and LHS 292. Periodogram searches are
performed for the astrometric data in R.A. and Decl. separately between 300 and 3000
days for GJ 1002 (left panels) and for our candidate variable LHS 292 (right panels). These
periodograms of GJ 1002 are representive of the other stars in our sample. No frequencies
have powers that exceed the 2σ false alarm probability, represented by the dotted lines. We
conclude that there are no periodic signals in our astrometric data in the R.A. and Decl.
axes.
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9.2 Radial Velocity Detection Limits
As reported in §8.3, the slowly rotating stars (vsini < 6.5 km s −1) have RV dispersions
less than 265 m s−1 and the fast rotators have RVs dispersions less than 512 m s−1. We
search for companions around the 46 stars that have three or more precise RV epochs. To
determine the minimum mass companion we would expect to detect, we simulate 1,000,000
circular orbits for each star with periods between 0.5 and 100 days, allowing the inclinations
and companion masses to vary. For each star, we use the stellar masses calculated in
§2.1 and allow the stellar masses to fluctuate by 20% to account for uncertainties in the
mass estimates. We assume circular orbits, which is likely appropriate for companions to
old stars with short periods (≤ 10 days; Lin & Gu 2004), but could bias our search for
longer companions. The cosine of inclination ranges from 0 to 1. After creating randomly
oriented circular orbits, we then extracted predicted RV values at the Julian Dates that
correspond to the epochs of observations for each star from these simulated orbits. We
compare these extracted RV values to our determined RV errors at their respective Julian
Date (see Table 8.1) to determine a χ2 value for each star. Then, we use this χ2 value as an
input for the IDL routine, mpchitest.pro (Markwardt 2009), to determine which orbits we
would have been able to detect with a 3σ confidence. Figures 9.5−9.49 provide illustrations
of the RV Monte Carlo simulation results for our stars. The plots are shaded to display
the fractions of objects that would have been detected with a 3σ confidence in each period
and mass increment bins. The sizes of the mass and period bins are 0.10 MJUP and 0.5
days, respectively. The illustrations show that most Jupiter-mass companions with periods
less than 30 days would be detected. Although some Jupiter-mass companions could be
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detected at longer periods, the sensitivity becomes strongly dependent on the observing
cadence relative to the orbital ephemeris. Aliasing is apparent in our RV data.
To interpret our data collectively, we follow the same method as above, except that we
determine the companion mass that we would have been able to detect at selected orbital
periods of 3 days, 10 days, 30 days, and 100 days. We allow our selected period to range
over ±10% to mitigate the bias caused by aliasing and to give a more robust estimate of the
companion masses we would be able to detect. The minimum companion mass we would
have been able to detect is given in increments of 0.5 MJUP .
On average, for our 38 slowly rotating stars these simulations suggest that with 3σ
confidence, we would have been able to detect 90% of companions with masses of ∼1 MJUP
in 3 day orbits, masses of ∼1.5 MJUP in 10 day orbits, masses of ∼3 MJUP in 30 day orbits
and masses of ∼8 MJUP in 100 day orbits. The individual detection limits for each star are
provided in Table 9.1. Six slowly rotating stars (GJ 105B, GJ 609, GJ 1057, GJ 1065, GJ
1103, and GJ 1256) are observed over baselines of ∼13 days or less, hence the limits on the
masses of companions that we would be able to detect around these stars are significantly
larger for an orbital period of 100 days than the rest of the stars in this sample.
For our fast rotators, the minimum mass we could detect greatly relies on the RV dis-
persion, which is directly linked to the vsini of the star. The individual detection limits for
these stars are provided in Table 9.1. We also note that we did not calculate the minimum
mass we would be able to detect for fast rotators that have baselines of less than two weeks
(LHS 2206, LP 876-010).
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Exoplanets with longer orbital periods (> 10 days) can exhibit large eccentricities
(Howard et al. 2012; Udry & Santos 2007; Winn & Fabrycky 2014). In our orbital period
range of 0.5 to 100 days, there are 1356 exoplanets known to date5. Of those, close to
5% have eccentricities listed above 0.2 and fewer than 1% of exoplanets have eccentricities
above 0.6. The planet with highest eccentricity in this period range is Kepler 419b (e=0.85;
Dawson et al. 2014). To be inclusive of planets with non-zero eccentricities that have orbital
periods between 30 and 100 days, we performed our simulations again on the subset of 12
CAESAR stars in Davison et al. (2015), allowing the eccentricity to vary from 0.0 to 0.9. In
these cases, we find that the minimum companion mass we could detect with our data with
a 90% detection rate increases by a factor of three when the eccentricity varies uniformly
over this range, compared to when the eccentricities are set to zero.
9.3 Astrometric Detection Limits
Assuming there is no light from low mass secondary companions, we simulate 1,000,000 pho-
tocentric orbits for each star allowing the inclinations, companion masses and eccentricities
to change. For each star, we use the stellar masses calculated in §2.1 and allow the stellar
masses to fluctuate by 20%. We allow the inclination to vary between 0 to 90 degrees and
the eccentricity to vary between 0 and 0.9. We allow the longitude of periastron, ω, and
the longitude of the ascending node, Ω, to vary from 0 to 180 degrees. We use the weighted
distance measurements determined from the literature and from our parallax measurement
in §6.1. We allowed the orbital periods to range from 2 to 8 years to represent our observing
cadence and temporal baseline. We then use these simulated orbits to extract astrometric
5Numbers are from exoplanet.eu as of October 27, 2014.
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positions at our observed Julian Dates. We compare these extracted astrometric positions
to our determined astrometric errors (see Table 6.3) to determine a χ2 value for each tar-
get. Then, we use this χ2 value as an input for the IDL routine, mpchitest.pro (Markwardt
2009), to determine which orbits we would have been able to detect with a 3σ confidence.
Figures 9.5−9.47 display the astrometric Monte Carlo simulation results for stars that have
been observed with both astrometry and RV. Figures 9.50−9.55 display the astrometric
Monte Carlo simulation results for 11 stars that only have astrometric measurements. The
plots are shaded to include the fraction of objects that would have been detected with a 3σ
confidence in each period and mass increment bin of 0.10 MJUP and 0.1 years, respectively.
To obtain a quantitative estimate of our detection limits, we again perform 1,000,000
Monte Carlo simulations. We keep the same parameters as described above, except we
search for companions at selected orbital periods of 2 years, 4 years, 6 years, and 8 years.
We give the minimum companion mass we would have been able to detect in increments of
0.5 MJUP . On average for our 54 stars, these simulations suggest that with 3σ confidence,
we would have been able to detect 90% of companions with masses of ∼23 MJUP in 2 year
orbits, ∼14 MJUP in 4 year orbits, ∼11 MJUP in 6 year orbits and ∼9 MJUP in 8 year orbits.
The individual detection limits for these stars are provided in Table 9.2.
9.4 Additional Detection Limits from the Literature
9.4.1 Radial Velocity Limits
To place the strictest limits on excluding companions for the stars in this sample, we include
the results for 36 of the 59 stars that have been previously observed with high dispersion
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spectroscopy to search for companions. We do not include all RV results from all authors;
however, we do include the strictest result obtained for each star.
Three of our stars (GJ 1111, LHS 292, LHS 3003) are included in a search for spectro-
scopic binaries by Basri & Reiners (2006). Two RV measurements were made for LHS 3003
and three RV measurements were made for GJ 1111 and LHS 292; the baseline for these
measurements is ∼10 years. The RV measurements for GJ 1111, LHS 292, and LHS 3003
are constant to within 1.6 km s−1, 0.4 km s−1 and 0.2 km s−1, respectively, and show no
evidence of variations caused by companions.
Two of our stars (GJ 752B, GJ 1156) have previous infrared spectroscopic measurements;
all other stars from the literature have been observed in the optical. GJ 1156 has been
previously observed in the infrared on two different nights separated by ∼250 days. The
RVs are separated by 141 m s−1 (Rodler et al. 2012). With only two observations, not many
companions can be ruled out with these data. GJ 752B, once thought to be a planet host
(Pravdo & Shaklan 2009), has an RV root mean square scatter (rms) of 10.6 m s−1 for 12
observations over ∼225 days (Bean et al. 2010). These RV data are consistent within the
measurement uncertainties and show no indication of a planetary mass companion.
Four of our stars (GJ 1286, SO 0253+1652, LHS 1326, LHS 1375) have been observed
in the red optical over timescales of less than a week. Barnes et al. (2012) present 8 RV
epochs of GJ 1286 with a rms of 22.1 m s−1 over 1.1 days. With that precision and short
time cadence, Barnes et al. (2012) would only be sensitive to planets with periods on the
order of a few days. SO 0253+1652, LHS 1326 and LHS 1375 have 4 RV epochs each over
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6 days; these stars all have rms values under 16 m s−1 (Barnes et al. 2014). With these
observations, the authors rule out planets with mpsini > 10 MEARTH at 0.03 AU.
The remaining 27 stars with previous RV measurements are included in the HARPS
M-dwarf survey (Bonfils et al. 2013a). Of those 27, 25 stars have RV dispersions less than
10 m s−1. The other two stars, GJ 729 and GJ 285 have RV dispersions of 20.9 and 102 m
s−1, respectively. Our RV dispersion for GJ 285 of 99 m s−1 is in line with the measurement
by Bonfils et al. (2013a). The authors present Monte Carlo results to exclude the presence
of companions around 25 of the stars, as the other two stars (GJ 406, LHS 3799) have fewer
than four epochs of data. For GJ 285, the star with the highest RV dispersion, the authors
are able to exclude with a 99% confidence the presence of companions with minimum masses
greater than ∼10 MJUP in 10 to 100 day orbital periods and greater than ∼1000 MJUP (∼1
M⊙) in an eight year orbit (Bonfils et al. 2013a). On average for the four stars (GJ 166C,
GJ 402, GJ 486, GJ 1224) with only four RV measurements, Bonfils et al. (2013a) are able
to exclude with a 99% confidence the presence of companions with minimum masses greater
than 2.3 MJUP in 10 to 100 day orbital periods and greater than 16.8 MJUP in an eight year
orbit. For objects with a larger number of RV observations, the authors are able to exclude
much smaller mass objects. The remaining 20 stars observed by Bonfils et al. (2013a) have
between 5 and 49 RV epochs. With these data, the authors are on average able to exclude
with a 99% confidence the presence of companions with minimum masses greater than 0.3
MJUP in 10 to 100 day orbital periods and greater than 1.6 MJUP in an eight year orbit.
We find no previous multi-epoch RV data for 23 stars (see Table 9.3). We have obtained
measurements for 18 of these stars; thus our data place the strictest companion limits for
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these stars. Five of the stars (G 188-038, GJ 283B, GJ 644C, LHS 1302, LP 655-048) in
the CAESAR sample do not have multi-epoch precision RV measurements.
In summary, all the additional RV measurements, some of which span longer baselines
and some of which are more precise, do not identify additional companions or candidate
companions.
9.4.2 High Resolution Imaging Limits
To include companions beyond several AU, we include high resolution results for com-
panions. AO imaging or HST imaging to search for stellar and brown companions has
been completed for 51 out of the 59 stars (e.g. Dieterich et al. 2012; Nakajima et al. 1994;
Tanner et al. 2010). We note that the companion detection mass limits determined for these
51 stars are all model and age dependent.
Oppenheimer et al. (2001) performed a coronagraphic survey in both the optical and
the infrared to search for companions of 28 of the 59 stars (see Table 9.3). Stellar com-
panions and brown dwarfs more massive than 40 MJUP with separations between 50 and
100 AU would have been detected around 80% of the stars. Oppenheimer et al. (2001) did
not discover any companions around of the 28 stars. Dieterich et al. (2012) have further
constrained the spatial and mass regime of companions around 43 of the 59 stars (21 of
these stars have been observed by Oppenheimer et al. 2001) in this sample. Dieterich et al.
(2012) adopt 0.04 MSUN (∼42 MJUP ) at 3 Gyr as the minimum mass detectable with their
HST/NICMOS snapshot high resolution imaging survey, and find no L dwarf companions
in the separation range of 5 to 70 AU and no T dwarf companions (∼50-80 MJUP ) to these
M-dwarfs in the separation range of 10 to 70 AU.
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More targeted surveys have pushed the detection limits of companions down to the plan-
etary range with the use of near infrared AO, but only for a very limited number of objects
(Lafrenie`re et al. 2007; Luhman et al. 2005; Masciadri et al. 2005; Schroeder et al. 2000).
Masciadri et al. (2005) found that GJ 628 has no companions more massive than 5 MJUP
at 4 AU and no companions more massive than 10 MJUP at 1 AU. Lafrenie`re et al. (2007)
further constrained the mass and spatial regime around GJ 628 by ruling out with a 35%
confidence the presence of a 5 MJUP in the separation range of 25 to 50 AU. Lafrenie`re et al.
(2007) also rule out with over 90% confidence the presence of companions more massive than
2 MJUP in the separation range of 25 to 50 AU around GJ 285 and GJ 402. These two
studies imply that we can also find massive planets between 1 and 50 AU around nearby
M-dwarfs via imaging techniques, assuming the luminosities from models are correct.
In summary, no companion or candidate companions have been discovered around these
stars with high resolution imaging.
9.4.3 Common Proper Motion Limits
To extend our search to include wide companions (> 100 AU), we include common proper
motion searches for companions. Hinz et al. (2002) have searched around 27 out of our 59
targets (see Table 9.3) and find no stellar or brown dwarf companions at wide separations
(∼100−1400 AU) around these stars. With a limiting J band magnitude of ∼16.5 mag,
Hinz et al. (2002) would have been able to find ∼40 MJUP for an assumed age of 5 Gyr at
a distance of 5.8 pc. Simons et al. (1996) exclude brown dwarf and stellar companion at
wide separations (∼100−1400 AU) around these 24 of our 59 targets (22 of these stars are
also included in Hinz et al. 2002).
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McCarthy & Zuckerman (2004) have searched for companions around 13 out of our 59
targets (four stars have also been observed by Hinz et al. 2002; see Table 9.3) and exclude
companions with masses greater than 30 MJUP between 140 and 1200 AU. Furthermore,
McCarthy & Zuckerman (2004) also have searched for less massive companions around a
subset of 6 of these 12 stars. With this second search, typically the authors would have
been able to detect companions more massive than 10 MJUP between 75 and 300 AU.
Carson et al. (2011) have searched for companions around 16 out of our 59 targets (three
of these stars have not been mentioned above; see Table 9.3) with images from the Spitzer
Infrared Array Camera. On average for their targets, the authors would have had a 70%
chance of detecting companions with temperatures between 600−1100 K that are separated
from their primary star by 100 − 1000 AU. An additional two of our targets (GJ 609, GJ
1235) have been observed by Schneider et al. (2011) in a study to search for Y-dwarfs. The
average temperature sensitivity limit for the survey is ∼600K, which would correspond to
∼19 MJUP for an estimated age of ∼2 Gyr (Schneider et al. 2011).
We also note that many of our stars have been included in dedicated surveys to lo-
cate high proper motion nearby stars and to determine the proper motions of those stars
(e.g. Giclas et al. 1961; Eggen 1979; Weis 1996; Bakos et al. 2002; McCaughrean et al. 2002;
Le´pine & Shara 2005; Subasavage et al. 2005; Deacon & Hambly 2007; Caballero 2007 to
mention a few). Although the goal of these surveys is to identify new high proper motion
stars, these searches should easily be able to identify nearby common proper motion pairs by
identifying stars in close proximity with similar high proper motions and similar parallaxes.
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Many stars have been determined in the past to be co-moving and thus assumed to be wide
companions (e.g. GJ 896A and GJ 896B).
In summary, since the start of our program, no new low mass companions have been
discovered around any of the CAESAR stars. However, one of our stars, LP 876-010, has
been discovered to be a distant (nearly 6◦ from Fomalhaut A) bound stellar companion to
the Fomalhaut multiple system; LP 876-010 is the third star in the system and is designated
Fomalhaut C (Mamajek et al. 2013). We also note that many of our stars have been included
in high proper motion surveys, however not all of these stars have been included in dedicated
common proper motion surveys targeting the discovery of massive planets and/or brown
dwarfs. 16 of our stars have not been in surveys that place detection limits on wide, low-mass
companions (> 100 AU).
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Figure 9.5: Companion Mass versus Orbital Period Plot for GJ 1002. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.6: Companion Mass versus Orbital Period Plot for GJ 54.1. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.7: Companion Mass versus Orbital Period Plot for GJ 83.1. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.8: Companion Mass versus Orbital Period Plot for GJ 102. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.9: Companion Mass versus Orbital Period Plot for GJ 105B. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.10: Companion Mass versus Orbital Period Plot for SO 0253+1652. The color
shading indicates the fraction of 3σ detected companions as a function of companion mass
and orbital period, based on Monte Carlo simulations using the RV data (left panel) and
astrometric data (right panel).
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Figure 9.11: Companion Mass versus Orbital Period Plot for GJ 1057. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.12: Companion Mass versus Orbital Period Plot for GJ 1065. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.13: Companion Mass versus Orbital Period Plot for GJ 166C. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.14: Companion Mass versus Orbital Period Plot for LHS 1723. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.15: Companion Mass versus Orbital Period Plot for GJ 203. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.16: Companion Mass versus Orbital Period Plot for GJ 213. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.17: Companion Mass versus Orbital Period Plot for G 99-49. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.18: Companion Mass versus Orbital Period Plot for GJ 232. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
147
Figure 9.19: Companion Mass versus Orbital Period Plot for GJ 1093. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.20: Companion Mass versus Orbital Period Plot for GJ 273. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.21: Companion Mass versus Orbital Period Plot for GJ 285. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.22: Companion Mass versus Orbital Period Plot for GJ 1103. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.23: Companion Mass versus Orbital Period Plot for GJ 299. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.24: Companion Mass versus Orbital Period Plot for GJ 300. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.25: Companion Mass versus Orbital Period Plot for GJ 1111. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.26: Companion Mass versus Orbital Period Plot for LHS 2090. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.27: Companion Mass versus Orbital Period Plot for LHS 2206. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.28: Companion Mass versus Orbital Period Plot for LHS 292. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.29: Companion Mass versus Orbital Period Plot for GJ 402. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.30: Companion Mass versus Orbital Period Plot for GJ 406. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.31: Companion Mass versus Orbital Period Plot for GJ 1154. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.32: Companion Mass versus Orbital Period Plot for GJ 1156. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.33: Companion Mass versus Orbital Period Plot for GJ 486. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.34: Companion Mass versus Orbital Period Plot for GJ 493.1. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.35: Companion Mass versus Orbital Period Plot for GJ 555. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.36: Companion Mass versus Orbital Period Plot for GJ 609. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.37: Companion Mass versus Orbital Period Plot for GJ 628. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.38: Companion Mass versus Orbital Period Plot for G 169-029. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.39: Companion Mass versus Orbital Period Plot for GJ 643. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.40: Companion Mass versus Orbital Period Plot for GJ 1207. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.41: Companion Mass versus Orbital Period Plot for GJ 1224. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.42: Companion Mass versus Orbital Period Plot for GJ 729. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.43: Companion Mass versus Orbital Period Plot for GJ 1235. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.44: Companion Mass versus Orbital Period Plot for GJ 1256. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.45: Companion Mass versus Orbital Period Plot for LHS 3799. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
Figure 9.46: Companion Mass versus Orbital Period Plot for LP 876-010. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.47: Companion Mass versus Orbital Period Plot for GJ 1286. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and orbital
period, based on Monte Carlo simulations using the RV data (left panel) and astrometric
data (right panel).
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Figure 9.48: Companion Mass versus Orbital Period Plot for GJ 447 and GJ 699. The color
shading indicates the fraction of 3σ detected companions as a function of companion mass
and orbital period, based on Monte Carlo simulations using radial velocity data for GJ 447
(left panel) and for GJ 699 (right panel). There are no astrometric data for these stars.
Figure 9.49: Companion Mass versus Orbital Period Plot for GJ 1230B. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and
orbital period, based on Monte Carlo simulations using radial velocity data for GJ 1230B.
There are no astrometric data for this star.
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Figure 9.50: Companion Mass versus Orbital Period Plot for LHS 1302 and LHS 1326. The
color shading indicates the fraction of 3σ detected companions as a function of companion
mass and orbital period, based on Monte Carlo simulations using astrometric data for LHS
1302 (left panel) and for LHS 1326 (right panel). There are no RV data for these stars.
Figure 9.51: Companion Mass versus Orbital Period Plot for LHS 1375 and LP 771-095A.
The color shading indicates the fraction of 3σ detected companions as a function of com-
panion mass and orbital period, based on Monte Carlo simulations using astrometric data
for LHS 1375 (left panel) and for LP 771-095A (right panel). There are no RV data for
these stars.
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Figure 9.52: Companion Mass versus Orbital Period Plot for LP 655-048 and GJ 283B. The
color shading indicates the fraction of 3σ detected companions as a function of companion
mass and orbital period, based on Monte Carlo simulations using astrometric data for LP
655-048 (left panel) and for GJ 283B (right panel). There are no RV data for these stars.
Figure 9.53: Companion Mass versus Orbital Period Plot for LHS 3003 and GJ 644C. The
color shading indicates the fraction of 3σ detected companions as a function of companion
mass and orbital period, based on Monte Carlo simulations using astrometric data for LHS
3003 (left panel) and for GJ 644C (right panel). There are no RV data for these stars.
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Figure 9.54: Companion Mass versus Orbital Period Plot for GJ 752B and LP 816-060. The
color shading indicates the fraction of 3σ detected companions as a function of companion
mass and orbital period, based on Monte Carlo simulations using astrometric data for GJ
752B (left panel) and for LP 816-060 (tight panel). There are no RV data for these stars.
Figure 9.55: Companion Mass versus Orbital Period Plot for G 188-038. The color shading
indicates the fraction of 3σ detected companions as a function of companion mass and
orbital period, based on Monte Carlo simulations using astrometric data for G 188-038).
There are no RV data for this star.
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Table 9.1: 90% Companion Mass Detection Limits with
Velocimetry
Name Stellar Mass 3 d 10 d 30 d 100 d
(MSUN) (MJUP ) (MJUP ) (MJUP ) (MJUP )
GJ 1002 0.11 1.0 1.0 3.0 8.0
GJ 54.1 0.13 0.5 1.0 3.0 7.5
GJ 83.1 0.14 1.0 1.0 3.0 8.0
GJ 102 0.17 1.0 2.0 2.5 12.0
GJ 105B 0.22 1.0 6.0 5.5 29.5
SO 0253+16 0.08 1.0 2.5 6.0 28.0
GJ 1057 0.13 1.0 3.0 4.0 19.5
GJ 1065 0.18 1.0 3.5 4.5 24.0
GJ 166C 0.19 1.0 1.5 3.0 7.0
LHS 1723 0.15 1.0 1.0 3.5 10.0
GJ 203 0.19 1.0 2.0 3.0 10.5
GJ 213 0.19 1.5 1.5 4.0 9.5
G 99-49 0.19 1.0 1.0 2.5 5.5
GJ 232 0.15 1.0 2.0 2.5 9.5
GJ 1093 0.11 1.0 1.5 2.5 8.0
GJ 273 0.25 1.0 1.5 2.5 4.5
GJ 285 0.23 1.0 1.5 2.0 3.0
GJ 1103 0.15 1.5 4.5 6.5 34.5
GJ 299 0.15 1.0 1.5 2.5 4.5
GJ 300 0.20 1.0 1.0 2.0 2.5
GJ 1111 0.09 1.0 2.5 5.5 16.5
LHS 2090 0.09 2.0 5.0 10.5 18.5
LHS 2206 0.14 1.5 3.5 27.0 ...
LHS 292 0.08 0.5 1.0 2.0 2.5
GJ 402 0.21 1.0 1.5 2.0 4.0
GJ 406 0.09 0.5 1.0 1.0 2.0
GJ 447 0.16 1.0 1.0 2.0 3.0
GJ 1154 0.14 1.0 1.5 3.0 9.5
GJ 1156 0.12 2.0 3.0 5.0 11.0
GJ 486 0.28 1.0 2.0 5.0 15.5
GJ 493.1 0.15 6.0 6.0 20.0 72.0
GJ 555 0.22 1.0 1.5 4.0 5.0
GJ 609 0.20 1.5 4.0 5.5 28.5
GJ 628 0.26 1.0 1.5 2.5 5.5
G 169-029 0.14 1.5 2.5 3.5 12.0
GJ 643 0.19 1.0 1.5 2.0 6.5
GJ 1207 0.19 2.0 4.0 5.5 15.0
GJ 699 0.17 1.0 1.5 2.0 5.0
GJ 1224 0.14 1.0 1.5 2.5 5.5
GJ 1230B 0.19 1.5 5.0 4.5 17.0
GJ 729 0.17 1.0 1.0 4.0 4.5
GJ 1235 0.20 1.0 1.5 2.5 10.5
GJ 1256 0.16 1.0 1.5 7.4 51.0
LHS 3799 0.14 1.0 1.0 3.0 3.0
LP 876-10 0.17 13.5 26.5 47.0 ...
GJ 1286 0.11 1.0 1.5 3.0 8.0
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Table 9.2: 90% Companion Mass Detection Limits with
Astrometry
Name Stellar Mass Distance 2 years 4 years 6 years 8 years
(MSUN) (pc) (MJUP ) (MJUP ) (MJUP ) (MJUP )
GJ 1002 0.11 4.8 9.5 6.0 4.5 4.0
GJ 54.1 0.13 3.7 22.0 14.0 10.5 8.5
LHS 1302 0.13 10.3 27.5 18.0 13.5 11.5
GJ 83.1 0.14 4.5 8.0 5.0 4.0 3.5
LHS 1326 0.10 9.0 31.0 20.0 15.5 13.0
LHS 1375 0.10 8.9 11.5 7.0 5.5 4.5
GJ 102 0.17 9.7 73.5 47.5 37.0 30.5
GJ 105B 0.22 7.2 66.5 43.0 33.5 28.5
SO 0253+16 0.08 3.9 15.0 9.5 7.5 6.0
LP 771-95A 0.25 3.8 27.5 17.5 13.5 11.0
GJ 1057 0.13 8.5 27.5 17.5 13.5 11.0
GJ 1065 0.18 9.7 30.5 19.5 15.5 12.5
GJ 166C 0.19 5.0 48.5 31.0 24.5 20.5
LP 655-48 0.08 9.7 10.5 6.5 5.0 4.5
LHS 1723 0.15 5.4 14.5 9.5 7.0 6.0
GJ 203 0.19 9.5 44.0 28.0 21.5 18.0
GJ 213 0.19 5.8 40.0 25.5 19.5 16.5
G 99-49 0.19 5.2 24.0 15.0 11.5 9.5
GJ 232 0.15 8.5 39.5 25.5 19.5 16.0
GJ 1093 0.11 7.6 18.0 11.5 9.0 7.5
GJ 273 0.25 3.8 40.0 25.5 19.5 16.5
GJ 283B 0.09 9.0 12.5 8.0 6.0 5.0
GJ 285 0.23 5.9 45.0 29.0 21.5 18.0
GJ 1103 0.15 9.3 16.0 10.0 8.0 6.5
GJ 299 0.15 6.6 21.5 14.0 10.5 9.0
GJ 300 0.20 8.1 15.5 10.0 7.5 6.5
GJ 1111 0.09 3.7 7.5 5.0 4.0 3.5
LHS 2090 0.09 6.4 4.5 3.0 2.5 2.0
LHS 2206 0.14 8.6 33.5 21.5 16.5 14.0
LHS 292 0.08 4.7 6.0 4.0 3.0 2.5
GJ 402 0.21 6.8 40.5 26.0 20.5 16.5
GJ 406 0.09 2.4 4.5 3.0 2.5 2.0
GJ 1154 0.14 8.1 26.0 17.0 13.0 11.0
GJ 1156 0.12 6.4 16.0 10.0 8.0 6.5
GJ 486 0.28 8.3 65.0 40.5 31.5 26.0
GJ 493.1 0.15 8.6 34.5 22.0 17.0 14.0
GJ 555 0.22 6.2 41.5 26.5 20.5 17.0
LHS 3003 0.08 7.0 9.0 6.0 4.5 4.0
GJ 609 0.20 10.0 45.5 29.5 22.5 18.5
GJ 628 0.26 4.3 18.5 11.5 9.0 7.5
G 169-029 0.14 10.4 28.0 17.5 14.0 11.5
GJ 643 0.19 6.5 29.0 18.5 14.0 12.0
GJ 644C 0.08 6.4 10.0 6.5 5.0 4.0
GJ 1207 0.19 8.9 22.0 14.0 11.0 9.0
GJ 1224 0.14 7.8 23.5 14.5 11.5 9.5
GJ 729 0.17 3.0 9.5 6.0 4.5 4.0
GJ 752B 0.07 5.9 8.5 5.5 4.5 3.5
GJ 1235 0.20 10.1 29.0 18.5 13.5 12.0
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Table 9.2 – Continued
Name Stellar Mass Distance 2 years 4 years 6 years 8 years
(MSUN) (pc) (MJUP ) (MJUP ) (MJUP ) (MJUP )
GJ 1256 0.16 9.6 39.5 25.0 19.5 16.0
LP 816-60 0.19 5.7 19.5 12.0 9.5 8.0
G 188-38 0.23 9.0 57.0 36.5 28.5 23.0
LHS 3799 0.14 7.3 13.0 8.5 6.5 5.5
LP 876-10 0.17 7.6 5.0 3.0 2.5 2.0
GJ 1286 0.11 7.1 10.0 7.0 5.5 4.5
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Table 9.3: Companion Searches in the Literature
Name Radial Velocity High Resolution Imaging Common Proper Motion
REFa REFb REFc
GJ 1002 3,5 7,10 15
GJ 54.1 5 7,10 13,15
LHS 1302 ... 10 13
GJ 83.1 ... 7,10 11,12,15
LHS 1326 6 10 ...
LHS 1375 6 10 ...
GJ 102 ... ... 12
GJ 105B 5 7,10 ...
SO 0253+16 6 ... 15
LP 771-95A 5 10 ...
GJ 1057 5 10 ...
GJ 1065 5 ... ...
GJ 166C 5 7 11
LP 655-48 ... ... ...
LHS 1723 5 7 ...
GJ 203 5 10 12
GJ 213 5 7,10 11,12
G 99-49 ... 7,10 ...
GJ 232 ... 10 ...
GJ 1093 ... 7,10 12,15
GJ 273 5 7 11,12,15
GJ 283B ... 10 11
GJ 285 5 7,9,10 11,12,13,14
GJ 1103 ... 10 ...
GJ 299 5 7 11,12
GJ 300 5 7 11,12
GJ 1111 1 7,10 11,12,13,14,15
LHS 2090 ... 10 ...
LHS 2206 ... 10 13
LHS 292 1 10 11,12,15
GJ 402 5 7,9,10 11,12
GJ 406 4,5 7,10 11,12,13,14,15
GJ 447 5 7,10 11,12,15
GJ 1154 ... 10 ...
GJ 1156 4 7 13,15
GJ 486 5 10 ...
GJ 493.1 ... 10 13
GJ 555 5 7,10 11,13
LHS 3003 1 ... 15
GJ 609 ... 10 16
GJ 628 5 7,8,9,10 11,12
GJ 643 5 10 11,12
G 169-029 ... ... 13,14
GJ 644C ... 10 11,12,15
GJ 1207 ... 10 13
GJ 699 5 7,10 11,12,15
GJ 1224 5 7,10 12
GJ 1230B 5 10 11,12,15
GJ 729 5 7 12,15
GJ 752B 1,2,4 7,10 11,12
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Table 9.3 – Continued
Name Radial Velocity High Resolution Imaging Common Proper Motion
REFa REFb REFc
GJ 1235 ... 10 16
GJ 1256 5 ... ...
LP 816-60 5 7 12
G 188-038 ... 10 13,14
LHS 3799 5 10 11,12,13,14
LP 876-10 ... ... ...
GJ 896A ... 7,10 11,12
GJ 896B ... 7,10 11,12
GJ 1286 3 7,10 11,12
aRadial Velocity References. (1) Basri & Reiners (2006); (2) Bean et al. (2010);
(3) Barnes et al. (2012); (4) Rodler et al. (2012); (5) Bonfils et al. (2013a); (6) Barnes et al.
(2014).
bHigh Resolution Imaging References. (7) Oppenheimer et al. (2001); (8) Masciadri et al.
(2005); (9) Lafrenie`re et al. (2007); (10) Dieterich et al. (2012).
cCommon Proper Motion References. (11) Simons et al. (1996); (12) Hinz et al. (2002);
(13) McCarthy & Zuckerman (2004); (14) Subset of six stars in McCarthy & Zuckerman
(2004); (15) Carson et al. (2011); (16) Schneider et al. (2011).
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Discovery and Characterization of Two Spectroscopic Binaries
While surveying our volume-limited sample of nearby stars, we discovered that the 24.′′5
companion to GJ 867AC is a spectroscopic binary, which we call BD. Also while collecting
data, one of our CAESAR targets (LHS 1610) was announced to be a spectroscopic binary
by Bonfils et al. (2013a). Our data confirms LHS 1610AB to be a binary. In this chapter,
we present data for both binaries.
10.1 The GJ 867 and LHS 1610 Systems
GJ 867A (VKC=9.09 mag; Bessel (1990)) is the primary component of a widely separated
visual binary. It was classified spectroscopically by Vyssotsky & Mateer (1952) as an M
type star; we more accurately classify this star as M2.0V using the technique described in
§3.2.1. This star is a member of young disk (Kiraga & Stepien 2007). Its visual companion,
GJ 867B Bessel (VKC=11.45 mag; 1990), is separated by 24.
′′5 at a position angle of 3505,
based on 2MASS position measurements. The spectral type of GJ 867B is determined to
be M3.5V using the technique described in §3.2.1. Coordinates, magnitudes and stellar
properties of these stars are given in Table 10.1.
Components A and B are presumed to be physically associated from their large (∼0.′′45
yr−1) and very similar proper motions (Dyer 1954; van Altena et al. 1995; Ro¨ser et al. 2011;
Zacharias et al. 2013). Nevertheless, the stars have slightly but steadily changed their rela-
tive position since first recorded in 1877, with a separation of 21.′′4 and a position angle (PA)
of 359◦, which presumably represents the orbital motion of the system (Herbig & Moorhead
1965).
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GJ 867A was discovered by Herbig & Moorhead (1965) to be a double-lined spectroscopic
binary with an orbital period of 4.083 days. The two components (A and C) have an
estimated mass ratio (MC/MA) of 0.80 based on their relative velocity amplitudes. GJ 867B
was identified with high resolution optical spectroscopy as a candidate SB by Gizis et al.
(2002), and later was listed as either having a high rotational velocity or being a SB by
Bonfils et al. (2013a). However, until now its status as a short-period binary remained
unconfirmed.
The M4.0V dwarf LHS 1610AB (Henry et al. 2006) has been claimed to be a SB2 by
Bonfils et al. (2013a), who discarded this star from their sample of single M-dwarfs being
monitored for exoplanets. Bonfils et al. (2013a) list this star as a SB2, but do not provide
RV data for this star. We started monitoring this star before it was claimed to be an SB
and confirm that this star is in fact a spectroscopic binary, as Bonfils et al. (2013a) claimed.
10.2 Astrometry for GJ 867BD and LHS 1610AB
10.2.1 Observations
Direct images of GJ 867BD and LHS 1610AB were obtained at the 0.9-m telescope at Cerro
Tololo Interamerican Observatory (CTIO) in the VJ filter. Observations for GJ 867BD were
collected from July 2003 until October 2014, yielding a total of 18 astrometric epochs over
11.30 years. Similarly, astrometric frames of LHS 1610AB were obtained from September
1999 until December 2014, yielding a total of 30 astrometric epochs over 15.23 years. No
astrometric measurements were taken of GJ 867AC, as this star saturates before sufficient
signal-to-noise ratios are obtained for the reference stars. There are five suitable reference
stars used for astrometric measurements for GJ 867BD and seven reference stars used for
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LHS 1610AB. Each night that the stars were observed we obtained 5 to 10 images. We
obtained a total of 109 astrometric frames on 18 different nights for GJ 867BD and 175
frames on 30 different nights for LHS 1610AB. Exposure times for an individual image of
GJ 867BD varied from 25 to 150 seconds, with an average time of 58 seconds. Exposure times
for LHS 1610AB varied from 60 to 600 seconds, with an average time of 173 seconds. For
more details on how astrometric observations are collected and how astrometric reductions
are performed, see Chapter 5.
10.2.2 Parallax and Proper Motion Measurements
We measure a relative parallax for GJ 867BD of 109.45 ± 1.74 mas. The correction for
parallactic motion is 0.93 ± 0.20, yielding a final absolute parallax of 110.38 ± 1.75 mas.
This is the first parallax measurement for this star and corresponds to a trigonometric
distance of 9.06 ± 0.15 pc. The errors on the parallax measurement represent our internal
statistical precision.
If GJ 867AC and GJ 867BD are a common proper pair, the two pairs should be at
a similar distance from the Sun. We use our systematic error value of 4.3 mas (see §6.1),
which dominates our internal error, to compare our parallax value of GJ 867BD to previously
published values of GJ 867AC. Two parallax values are available for GJ 867AC, 115.10 ±
7.40 mas (van Altena et al. 1995) and 115.01 ± 1.32 mas by HIPPARCOS (van Leeuwen
2007). Our parallax measurement of GJ 867BD is within 1.1σ of the weighted parallax
measurement from van Altena et al. (1995) and van Leeuwen (2007) for GJ 867AC. The
similar distance measurements strengthen the case that GJ 867AC and GJ 867BD are
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physically associated. The weighted mean parallax of the GJ 867 system is 113.37 ± 1.04
mas, which corresponds to a distance of 8.82 ± 0.08 pc.
Our measurements of the proper motion amplitude, µ, and the proper motion position
angle for GJ 867BD are 421.8 ± 0.6 mas yr−1 and 97.1 ± 0.1 degrees, respectively. The
errors on the proper motion amplitude represent our internal statistical precision. Similar to
our parallax errors, the systematic error of 16.8 mas yr−1 for the proper motion amplitude
dominates the error budget (see §6.1). Salim & Gould (2003) measure the µ of GJ 867BD
to be 431.2 ± 10.2 mas yr−1 and the proper motion position angle to be 98.1 degrees, which
is within 0.6σ of our measurement of the µ of GJ 867BD; they do not provide an uncertainty
on their measured position angle.
If GJ 867AC and GJ 867BD are a common motion pair, we would expect these stars
to also have a similar proper motion. GJ 867AC has a µ of 455.8 ± 2.7 mas yr−1 and
a position angle of 99.9 degrees (Salim & Gould 2003). The difference in proper motion
amplitudes for the AC and BD components is ∼35 mas yr−1, which is slightly larger than
our systematic error of 16.8 mas yr−1 and nevertheless consistent with orbital motion.
Table 10.2 summarizes previous parallax and proper motion measurements.
We measure a relative parallax for LHS 1610AB of 104.14 ± 1.65 mas. The correction
for parallactic motion is 1.45 ± 0.23, yielding a final absolute parallax of 105.59 ± 1.67 mas,
which corresponds to a trigonometric distance of 9.47 ± 0.15 parsces. RECONS parallax
measurements of LHS 1610AB do not match those of van Altena et al. (70 ± 13.8 mas 1995),
as previously reported in Henry et al. (2006). However, our measurement is consistent with
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the photometric distances by Gliese & Jahreiß (1991) and Reid et al. (2002). Parallax data
for this star are listed in Table 6.1 and proper motion data are listed in Table 6.2.
10.2.3 Detection Limits for Astrometric Companions
The precise position measurements of GJ 867BD and LHS 1610AB spanning over 10 years
allow us to set mass limits on long period astrometric companions. This is done by both
comparing the astrometric dispersions to typical errors and by conducting Monte Carlo
simulations. For the first part, the statistical uncertainty associated with each epoch’s
position measurement is determined by calculating the mean position error per night, which
is the average standard deviation of position offsets, once parallactic and proper motions
are removed. The mean position errors for all nights in RA and DEC for GJ 867BD are 2.41
mas and 4.07 mas, respectively. The mean position errors for all nights for LHS 1610AB in
RA and DEC are 4.96 mas and 5.67 mas, respectively. The average residual deviation from
the position predicted by the proper motion and parallax fit is calculated as the standard
deviation of the nightly offsets. The average residual deviation for GJ 867BD in RA and
DEC are 2.30 mas and 3.70 mas, respectively. The average residual deviation for LHS
1610AB in RA and DEC are 2.90 mas and 4.40 mas, respectively. The astrometric residual
deviations are in line with mean errors; we take this as an indication that our two short-
period binaries do not have long-period companions to within our detection limits. The
astrometric residuals are illustrated in Figure 10.1 and in Figure 10.2.
In order to set limits on the presence of companions orbiting GJ 867BD with orbital
periods of 2 to 8 years, we perform Monte Carlo simulations, as described in §9.3. We
estimate the mass of the primary to be 0.29 ± 0.06 M⊙ for GJ 867B and 0.14 ± 0.03 M⊙ for
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Figure 10.1: Astrometric residuals of GJ 867BD. Astrometric residuals of GJ 867BD after
solving for the proper motion and parallactic motion. The mean position errors in RA
and DEC are 2.41 mas and 4.07 mas, respectively. These are slightly larger than the
average residual deviations about zero, which are 2.30 mas and 3.70 mas for RA and DEC,
respectively. From these data we see no indication of long term variations and exclude the
presence of most brown dwarf and massive planets with long orbital periods (2-10 years).
LHS 1610 based on the mass luminosity relation of Henry & McCarthy (1993). Although we
adopt this mass for all of our calculations, we note that this mass is based on the brightness
of both components of the binaries, as we are unable to deconvolve the binary and determine
magnitudes and color estimates for each component. The companion stars GJ 867D and
LHS 1610B appear to contribute little light to their respective systems (see §10.3.4), and
thus are unlikely to severely bias this estimate. We use the weighted distance measurement
of the GJ 867 and our distance measurement of LHS 1610 systems reported in §10.2.1.
This simulation suggests that 90% of the time for GJ 867BD, we would have been able
to detect, with 99.7% (or 3σ) confidence, a companion with a mass of at least 18 MJUP in
a 2 year period, 11.5 MJUP in a 4 year period, 9 MJUP in a 6 year period and 7.5 MJUP
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Figure 10.2: Astrometric residuals of LHS 1610AB. Astrometric residuals of LHS 1610AB
after solving for the proper motion and parallactic motion. The mean position errors in
RA and DEC are 4.96 mas and 5.67 mas, respectively. These are slightly larger than the
average residual deviations about zero, which are 2.90 mas and 4.40 mas for RA and DEC,
respectively. From these data we see no indication of long term variations and exclude the
presence of most brown dwarf and massive planets with long orbital periods (2-10 years).
in a 8 year period. The implication is that GJ 867BD is unlikely to have any brown dwarf
or massive planetary companions with periods between 2 to 8 years. The orbital periods
correspond to separations of 1.1 to 3.1 AU (0.′′07 to 0.′′22, if face on).
A similar evaluation of the data for LHS 1610AB suggests that 90% of the time, we
would have been able to detect, with 99.7% (or 3σ) confidence, a companion with a mass
of at least 31.5 MJUP in a 2 year period, 20 MJUP in a 4 year period, 16 MJUP in a 6 year
period and 13 MJUP in a 8 year period. The implication is that LHS 1610AB is unlikely to
have any brown dwarf companions with periods between 2 to 8 years.
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Figure 10.3: Companion Mass versus Orbital Period Plot for GJ 867B. Fraction of de-
tected companions in a companion mass versus orbital period plot, based on Monte Carlo
simulations using astrometric data.
Figure 10.4: Companion Mass versus Orbital Period Plot for LHS 1610AB. Fraction of
detected companions in a companion mass versus orbital period plot, based on Monte Carlo
simulations using astrometric data.
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10.3 Infrared Spectroscopy for GJ 867BD and LHS 1610AB
Spectrographic observations were made using CSHELL (Tokunaga et al. 1990; Greene et
al. 1993) with spectra centered at 2.298 microns (vacuum) and spanning approximately 50
A˚, as described in §7.1. Ten measurements of GJ 867B were obtained spanning a temporal
baseline of 100 days between 2012 August 22 and 2012 November 29. The first three RV
measurements were obtained during late August 2012, over a 4 day period. At that time,
we noticed a large RV variation of almost 18 km s−1 and flagged this variable candidate as a
high priority target for our upcoming runs to confirm it as a spectroscopic binary. Exposure
times averaging ∼500 seconds each were set to obtain predicted SNRs of ∼100 per exposure,
and resulted in pair combined SNRs ranging from 70 to 230.
Five measurements of LHS 1610AB were obtained between December 9, 2012 and Oc-
tober 11, 2013 and span a temporal baseline of 306 days. Exposure times averaging 980
seconds each for LHS 1610AB are set to obtain predicted SNRs of ∼100 per exposure, and
resulted in pair combined SNRs ranging from 100 to 120. Further explanation on how
observations were reduced is given in Chapter 7.
10.3.1 Spectroscopic Analysis as Single-lined Spectroscopic Binaries
If GJ 867BD and LHS 1610AB are double-lined spectroscopic binaries, we would expect
them to appear double-lined in at least some of our spectra. Visual inspection showed
no sign of a secondary component in either system. Likewise, if either companion is of
comparable brightness to its primary star, we might observe broader absorption lines when
the stars in the system are at quadrature phases (velocity extrema). Broader absorption
lines would then be translated by our analysis code into larger vsini values. However, all 10
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vsini measurements of GJ 867BD are consistent to within 3.1 km s−1 and show no apparent
correlated variation with the changes in RV. All five vsini measurements of LHS 1610AB
are all less than 3 km s−1. These factors lead us to believe that these stars are single-lined
spectroscopic binaries (SB1s). Also, neither systems’ spectra exhibit residuals in the single
star spectral modeling, (see §7.3 for an explanation of spectral modeling).
10.3.2 Spectroscopic Results
The determined RVs and projected rotational velocities (vsini values) for GJ 867BD and
LHS 1610AB are listed in Table 10.3. The observed RV error is a combination of theoretical
photon noise error, intrinsic stellar error and instrumental error (σobs
2 = σphoton
2 + σstellar
2
+ σinstr
2). The photon error is calculated based on the prescription by Butler et al. (1996).
We assume the intrinsic stellar error to be zero. We know this is an underestimate of the
stellar error for GJ 867B, which is an active flare star. However, we do not have enough
data to assess accurately the error caused by intrinsic stellar error for this star. We adopt
the instrumental error determined in §8.1 for low vsini targets of 73 m s−1 for GJ 867BD
and LHS 1610AB. The RV curve for GJ 867BD is shown in Figure 10.5. Likewise, the RV
curve for LHS 1610AB is shown in Figure 10.6. The average vsini value from our fitting
prescription for GJ 867BD is 8.74 ± 0.98 km s−1. The error on the vsini measurement is
set from the standard deviation of the independent measurements from all 10 epochs.
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Figure 10.5: RV measurements of GJ 867B versus barycentric Julian date. A Keplerian
curve is fit to the RV measurements, centered on the systemic velocity of -6.1 km s−1. The
errors on the RV measurements are smaller than the plot symbols.
Figure 10.6: Radial Velocity Data for LHS 1610AB. Five RV measurements of LHS 1610AB
are obtained between December 9, 2012 and October 11, 2013 and span a temporal baseline
of 306 days. The large RV amplitude change of up to ∼4.4 km s−1 per day confirms LHS
1610AB is a spectroscopic binary.
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10.3.3 Periodicity Analysis
10.3.3.1 The Orbital Period of GJ 867B
GJ 867B shows a large change in RV on timescales of less than one day (Figure 10.5). To
determine if the changes in RV are periodic, we use a Lomb Scargle algorithm to search for
periods between 0.5 and 10 days. The highest power of the periodogram favors a period
of 1.795 days. Unfortunately, because of the limited sampling, there are many other peaks
of comparable power (Figure 10.7). The highest peak at 1.795 days has a power value of
4.37, which is closely followed by power values of 4.24 and 4.21 for the next most likely
peaks at periods of 1.541 and 2.841 days, respectively. To confirm that the highest peak
is representative of the best-fit period, we conduct an independent χ2 analysis, where we
fit circular orbits to the top three periods given from the periodogram fit. Knowing the
orbital period is less than 3 days, we assume the orbits are circularized due to tidal ef-
fects (Mayor & Mermilliod 1984). We optimize the circular fitted curves to give the lowest
observed-minus-calculated (O-C) RV value using the AMOEBA minimization routine (Sec-
tion 3.4); the results are shown in Figure 10.8. The average (O-C) value for 1.795 days is
0.58 km s−1 and is almost 5 times smaller than the (O-C) values for the periods of 2.841
days (2.88 km s−1) and 1.541 days (3.00 km s−1). Similarly, the χ2 value for 1.795 days is
27 and 38 times smaller than the χ2 values at 1.54 days and 2.841 days, respectively. From
these comparisons, we conclude that 1.795 days is the orbital period of the BD system.
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Figure 10.7: Periodograms of the RV measurements of GJ 867BD. The left panel illustrates
the periodogram for the full range of periods considered, while the right panel is the portion
containing the most significant period of 1.795 ± 0.017 days.
Figure 10.8: Phased RV Curves of GJ 867BD. Shown are the RV curves of GJ 867BD phased
to 1.541, 1.795, and 2.841 days, which are the three periods with the highest significance
from the periodogram analysis. The black dotted line is the best fit Keplerian model; the
best fit residuals are shown in the bottom panels. The period of 1.795 days is strongly
favored because of its much smaller residuals.
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10.3.3.2 An Indeterminate Orbit for LHS 1610AB
LHS 1610AB shows large RV amplitude variations of ∼4.4 km s−1 per day, which allow us
to identify this star as a spectroscopic binary. However, we do not have enough RV epochs
to determine the period of the system.
10.3.3.3 The Uncertainties in the Orbit of GJ 867BD
To determine the orbital properties and the associated uncertainties of the orbit of GJ
867BD, we use the non-linear least squares fitting IDL routine, mpfitfun.pro (Markwardt
2009) to model our data as a sinusoidal curve. The amplitude of the fitted curve is 21.4 ±
0.5 km s−1, the velocity of the system is −6.1 ± 0.3 km s−1, and the epoch of conjunction
is JD 2456160.5611 ± 0.0268.
The peak with the most likely period is in a cluster of aliased peaks as shown in Fig-
ure 10.7. To test whether the neighboring peaks represent reasonable orbital solutions, we
again fit circular orbits to the top three aliasing peaks in closest proximity to the favorable
period. The (O-C) values for these peaks range from 3.16 km s−1 to 5.56 km s−1 mak-
ing these values significantly larger than the (O-C) values the adopted orbital period. We
conclude that neither of these periods represent good fits to our data and determine the
uncertainty in the period from the FWHM of the central peak only, which yields a final best
fit period and uncertainty of 1.795 ± 0.017 days.
The average difference between the (O-C) value for our best fit circular orbit of 0.58
km s−1 is significantly higher than our average estimated error for this star based on the
theoretical photon noise error and the instrumental error. This could be caused by a few
possibilities. GJ 867B could have a slightly elliptical orbit, and therefore the deviation we
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see from the observed compared to calculated value is real. Alternatively, our estimated
errors could be low, as we did not account for any intrinsic stellar error. GJ 867B is a
flare star with a nominally high rotational velocity, which could be an indicator of a higher
amount of intrinsic stellar jitter compared to other older field dwarfs. We caution that
if the RV errors are too low, then the calculated errors on the orbital properties will be
underestimated as well.
10.3.4 Limits on the Mass of GJ 867D
Without a direct detection of GJ 867D, we can only provide a lower mass limit based on the
observed reflex motion of GJ 867B using Kepler’s third law. We assume the orbit is circular
and that the mass of the primary star is 0.29 ± 0.06 M⊙ (§10.2.2). Under these assumptions
the minimum mass of GJ 867D is 61 ± 7 MJUP (0.059 ± 0.007 M⊙); the uncertainty in the
minimum mass is determined primarily by the uncertainty in the primary star’s mass. GJ
867D could be a brown dwarf. The spectral properties of GJ 867AC and GJ 867BD are
summarized in Table 10.4.
The brightness of GJ 867BD supports the conclusion that GJ 867D is very low mass.
In Figure 10.9, we compare the absolute magnitude in V to the (V-K) color of stars within
5 parsecs (Cantrell et al. 2013) to the GJ 867 system. GJ 867BD lies within the broad
band making up the main sequence. Therefore, there is no evidence that the companion
contributes much light, consistent with its undetected spectral features.
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Figure 10.9: Absolute V Magnitude versus (V-K) Colors. This color-absolute magnitude
diagram shows GJ 867AC and GJ 867BD relative to all known M-dwarfs within 5 parsecs.
This plot shows that GJ 867BD is not significantly over-luminous relative to this empirical
main sequence, consistent with GJ 867BD being a single-lined SB and GJ 867D being low
mass.
10.4 The Closest M-Dwarf Quadruple System to the Sun
We report infrared spectroscopic observations obtained with the CSHELL spectrograph that
reveal GJ 867B to be a single-lined SB with an orbital period of 1.795 ± 0.017 days; the
components are labeled B and D. Assuming that GJ 867B has a mass of 0.29 M⊙, then GJ
867D has a minimum mass (msini) of 61 ± 7 MJUP ; it could be a brown dwarf. Astrometric
measurements spanning nearly 10 years are used to determine the trigonometric parallax
and proper motion of GJ 867BD. The trigonometric parallax of GJ 867BD is consistent
to within 1.1σ of the measured parallax of GJ 867AC by HIPPARCOS, confirming that
the components of this 24.′′5 pair are at similar distances. The measured proper motion
amplitude of GJ 867BD is 421.8 ± 0.6 mas yr−1, which is similar to but slightly smaller than
the proper motion amplitude of GJ 867AC (455.8 ± 2.7 mas yr−1, Salim & Gould 2003);
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both stars are moving in the same direction to within 2 degrees. The difference (-34.0 mas
yr−1) can be explained by orbital motion. Adopting the minimum masses in Table 10.4 and
assuming the projected separation (216 AU) is the semi-major axis of the AC and BD pair,
these components would be moving relative to one another at 1.8 km s−1, corresponding to
43.2 mas yr−1 (at 8.82 pc) if in a face-on circular orbit. If in a somewhat inclined orbit (and
if the components are more massive than the minimum masses used here), orbital motion
could also explain the difference in the systemic velocities of GJ 867BD, at −6.1±0.3 km s−1
(Table 10.4), and GJ 867AC, at −8.7 km s−1 (Herbig & Moorhead 1965); we consider this
apparent discrepancy less relevant, however, because the systemic velocity for GJ 867AC
is based on much coarser precision individual measurements (±1.4 km s−1) and no formal
uncertainty on the systemic velocity is provided. Altogether, the similar proximity, distance,
and space motion of these two high proper motion spectroscopic binaries establish them as
very likely physically associated. As such, the 4 star system GJ 867 becomes one of only
four quadruple systems within 10 pc, and the only among these with all M dwarf (or cooler)
components (Davison et al. 2014).
The low mass quadruple system GJ 867 is quite rare. Of the 348 stars known within 10
pc, 21 are G-dwarfs and 239 are M-dwarfs (Henry et al. 2006). Yet while 2 of these 21 G-
dwarfs are the primary stars in quadruple star systems (no higher order G-dwarf systems are
known), only 1 of the 239 M-dwarfs is the primary of a quintuple star system; no M-dwarf
quadruple star systems were known within 10 pc prior to our discovery6 (see Table 10.5).
6LHS1070 was claimed to be a quadruple system by Henry et al. (1999), but later determined to only
be a triple system (Ko¨hler et al. 2012). GJ 896A and GJ 896B were on initial inspection both claimed
to be spectroscopic binaries (Delfosse et al. 1999) because both stars showed very large variations in RV.
These variations were later thought to be caused by inhomogeneous surface features combined with a large
magnetic spots (priv. comm. Delfosse).
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The discovery of this nearby quadruple system suggests that many more hierarchical low
mass systems may exist nearby, but have not been found because of observational biases.
As highlighted in the introduction, the discovery and characterization of systems like this
potentially offer a powerful tool for constraining the uncertain physics involved in binary and
multiple star formation. We note that nearby systems like GJ 867 are especially valuable,
because these stars are close enough to have the spectroscopic orbits that can be spatially
resolved interferometrically, allowing accurate masses of these systems to be determined.
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Table 10.1: Characteristics of the GJ 867 and LHS 1610
System
Name R.A. Decl. VKC RKC IKC J H KS Spectral vsini
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mag) (mag) Class (km s−1)
GJ 867AC 22 38 45.601 −20 37 16.11 9.092 8.082 6.882 5.671 5.111 4.801 M2.0VJ3 4.74
GJ 867BD 22 38 45.311 −20 36 51.91 11.473 10.293 8.773 7.341 6.821 6.491 M3.5VJ3 8.73
LHS 1610AB 03 52 41.691 +17 01 05.71 13.855 12.425 10.665 8.931 8.381 8.051 M3.5VJ3 <33
References. (1) Cutri et al. (2003); (2) Bessel (1990); (3) this work; (4) Houdebine (2010); (5) Henry et al. (2006).
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Table 10.2: Parallax and Space Motions of the GJ 867
System
Group Targets abs. pi µ P.A. Vtan REF
a
(mas) (mas/yr) (deg) (km s−1)
RECONS GJ 867AC ... ... ... ... ...
RECONS GJ 867BD 110.38±1.75 421.8±0.6 97.1±0.1 18.1 1
HIP GJ 867AC 115.01±1.32 455.9±1.7 100.0 18.8 2
HIP GJ 867BD ... ... ... ... ...
NLTT GJ 867AC ... 455.8±2.7 99.9 ... 3
NLTT GJ 867BD ... 431.2±10.2 98.1 ... 3
YPC GJ 867AC 115.10±7.40 459 97 18.9 4
YPC GJ 867BD ... 449 99 ... 4
LEP GJ 867AC ... 458.0 100 ... 5
LEP GJ 867BD ... ... ... ... 5
TYCHO-2 GJ 867AC ... 455.8±2.7 99.9 ... 6
TYCHO-2 GJ 867BD ... ... ... ... 6
UCAC4 GJ 867AC ... 457.6±11.3 100.0 ... 7
UCAC4 GJ 867BD ... 432.6±15.2 100.6 ... 7
PPMXL GJ 867AC ... 454.9±2.7 100.2 ... 8
PPMXL GJ 867BD ... 419.1±4.6 98.4 ... 8
Weighted Mean GJ 867 113.37±1.04 426.2±0.4 99.2 18.6
Table Notes. Several numbers related to characterizing the motions of this system are given
without errors. All parallax and proper motion values given with errors of GJ 867AC and GJ
867BD are included in the calculation for the weighted mean values of GJ 867. The weighted
mean position angle and weighted mean tangential velocities values are pure averages of the
available numbers, as none of these numbers have listed errors. a References: (1) this
paper; (2) van Leeuwen (2007); (3) Salim & Gould (2003); (4) van Altena et al. (1995); (5)
Le´pine & Gaidos (2011); (6) Høg et al. (2000); (7) Zacharias et al. (2013); (8) Ro¨ser et al.
(2011).
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Table 10.3: RV Measurements of GJ 867BD and LHS
1610AB
Name HJD − 2,400,000 Orbital Radial Velocity SNR vsini
Phase (m s−1) km s−1
GJ 867BD 56161.36 1.00 7594±88 177 9.3
56163.41 1.25 −10132±90 168 8.4
56164.45 0.49 7645 ±95 135 9.8
56173.32 0.40 1396±90 162 7.6
56173.41 0.49 7274±95 138 8.9
56174.31 1.39 −19888±86 204 9.3
56174.41 1.48 −24330±85 228 8.4
56259.26 0.22 −14613±87 127 9.5
56260.23 1.20 −3936±83 197 9.5
56261.32 0.50 6415±157 71 6.7
LHS 1610AB 56270.51 ... 29737± 103 119 <3
56271.50 ... 33398± 101 126 <3
56272.50 ... 37045± 103 121 <3
56574.61 ... 21003± 101 147 <3
56576.53 ... 25374± 118 120 <3
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Table 10.4: Characteristics of the Spectroscopic Binaries
in the GJ 867 System
GJ 867ACa GJ 867BD
Period (days) 4.08322 ± 0.00004 1.795 ± 0.017
γ (km s−1) − 8.7 −6.1 ± 0.3
K1 (km s
−1) 46.8 ± 0.45 21.4 ± 0.5
K2 (km s
−1) 58.1 ± 0.46 ...
T0 (days) JD 2437144 ± 0.006 JD 2456160.5611 ± 0.0268
M1 (M⊙) 0.271 ± 0.006/sin3i 0.29 ± 0.59b
M2 (M⊙) 0.218 ± 0.005/sin3i ≥ 0.056 ± 0.007b
a1sini (km) 2.63 (± 0.03) x 106 0.528 (± 0.02) x 106
a2sini (km) 3.26 (± 0.03) x 106 ...
e 0.010 ± 0.010 0c
ω 356◦ ± 32◦ 0c
a (mas) 4.4 2.3
aBinary properties for GJ 867AC are from Herbig & Moorhead (1965).
bThe mass estimate of the primary is based on a mass luminosity relation while that of the
secondary is a minimum mass (msini; see text).
cThe eccentricity and longitude of periastron are assumed to be zero.
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Table 10.5: Quadruple or Higher Order Systems within 10 pc
Primary Spectral Typea Parallaxb Configurationc
Star of Primary (mas)
GJ 423A G0VJ1 119.51±0.791,2,3 AC-BD
GJ 570A K4V2 170.62±0.671,2,3 A-BC-D
GJ 695A G5IVJ3 120.32±0.162,3 AD-BC
GJ 867A M2VJ4 115.01±1.302,3 AC-BD
GJ 644A M3.5VJ4 154.96±0.521,2,3,4 ABC-D-GJ 643
aThe letter ”J” indicates a spectral type based on light from a spatially unresolved pair.
References. (1) Batten et al. (1989); (2) Gray et al. (2006); (3) Gliese & Jahreiß (1991));
(4) this work.
bParallaxes are weighted mean values from the following: (1) So¨derhjelm (1999);
(2) van Altena et al. (1995); (3) van Leeuwen (2007); (4) Costa et al. (2005).
cWidely separated components are indicated with a hyphen.
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The Distribution of Rotational Velocities of Nearby M-Dwarfs
To determine how the projected rotational velocities (vsini) of M-stars change with spectral
type, we assembled a list of all known single mid- to late M-dwarfs (V-K between 4.65 and
9 mag) that have trigonometric parallaxes within 25 pc and reside between −30◦ and +65◦
Decl. and do not have known companions within 3′′ (see §2.2). From this list of 402 stars,
only 169 stars have previously reported vsini values. To gain a more complete and less
biased census of the rotational properties of the population, we obtained new spectroscopic
measurements for an additional 75 stars, yielding an increase in known vsini values by 44%.
11.1 Absolute Radial Velocity Measurements
We collected absolute RV values for 75 stars that previously did not have published vsini
values. The RVs for our vsini targets are determined identically to how RVs are determined
for our CAESAR targets in §7.3. Our absolute RV measurements are the average RVs of
the nodded AB pairs. We generally only collect a single epoch of data for our vsini targets,
where as for our CAESAR targets we obtained between 4−13 nightly epochs. Therefore,
we determine our internal RV error for our vsini targets differently then how we determined
it for CAESAR targets; our internal RV error is the standard deviation of the two RV
measurements from each nod position. For all but one vsini target, our internal errors for
the absolute RV measurements range between 0.01 and 0.85 km s−1; the other star, GJ
1167A has a very high vsini causing our internal error estimate (± 9.45 km s−1) to be quite
large. In Table 11.4, we list our absolute RV values and internal errors, along with literature
values. For 17 stars, the internal error is below 0.1 km s−1. Due to possible systematics in
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the code described in §8.1, we set the error for these stars at 0.1 km s−1. Another five stars
(GJ 170, GJ 173, GJ 1222, LHS 3446, LTT 16369) only had a single nod RV measurement.
For these stars, we estimated the internal error to be 0.19 km s−1, which is the average
internal error of all of our stars excluding GJ 1167A.
To confirm the accuracy of our absolute RV measurements and to search for SBs and
RV variations that could indicate spectroscopic companions, we compare our absolute RV
measurements to measurements from the literature. All but three of these stars (LP 847-048,
WT 1827, LP 491-051) have previously published absolute RV measurements. However,
because the RV measurements obtained from the literature have errors varying from 0.1
to 20 km s−1, we choose to compare our measurements to only values from studies that
obtained measurement errors below 1 km s−1; only seven out of our 75 targets had precise
measurements in the literature. Six of the seven (2MA 0738+24, GJ 1167A, GJ 1290, L
758-107, LP 377-100, LP 756-003) measured by Shkolnik et al. (2012) and Nidever et al.
(2002) are consistent to within 1.5σ of the new measurements presented here. The seventh
star, G 10-52 (vsini = 14.5±0.9 km s−1), is different by 2.1σ. We measured this value to be
−11.86±0.58 km s−1 and Shkolnik et al. (2012) measured this value to be −9.8±0.8 km s−1.
Assuming both authors have reasonable estimates, more measurements should be made of
this star to determine if it is a spectroscopic binary or a very active star.
As a secondary check of our values we compared our independent RV measurements of
the binary components of GJ 1194. Our RV measurement of the B component (−119.95±0.37
km s−1) is within 1.14σ of the A component (−118.98±0.85 km s−1). These are the first
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precise RV measurements (σ < 1 km s−1) of the components of this binary; part of the
slight difference can be accounted for by the orbital motion of this 4.′′8 (64 AU) pair.
Overall, we conclude that our RV uncertainties are appropriate 1σ values, and that with
the possible (marginal) exception of G 10-52, no stars show evidence of having spectroscopic
companions.
11.2 vsini Results
We list our measured vsini values for 75 stars using CSHELL in Table 11.1. The spectral
resolving power of CSHELL corresponds to a velocity resolution of 6.67 km s−1, which is not
high enough to resolve fully the lines of the slowest rotators (e.g. vsini ≤ 1 km s−1, according
to Reiners 2007) for modest S/N spectra (SNR > 50). We find that line broadening becomes
measurable for vsini values in excess of 3 km s−1 and we set this value as our vsini detection
limit. We note that this detection threshold is in line with those reported by Reiners et al.
(2012) of 3 km s−1 and Browning et al. (2010) of 2.5 km s−1 for similar resolution spectra
(R=31,000−48,000). Only 17 out of our newly measured 75 stars (∼23%) have vsini values
above our detection limit.
For stars with vsini values above our detection threshold, the vsini value assigned is the
average value of the two nodded spectra. The internal error listed in Table 11.1 to the vsini
value is calculated as the standard deviation of the vsini measurements for each star. GJ
170 only had one vsini measurement, therefore we list its assigned, overall error described
below instead of its internal error.
In Table 11.2, we report six additional vsini values. Two stars (LHS 351 and GJ 1200)
have V−K values less than the minimum of 4.65 mag and therefore are not included in
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our vsini sample. The other four systems (GJ 275.2AD, LHS 1610AB, LHS 1955AB, LHS
2071AB) are close binaries all with separations < 1′′. LHS 1610AB is listed as a double-
lined spectroscopic binary (SB2) in Bonfils et al. (2013a), however we see no indication of an
additional stellar lines in our infrared spectra (see Chapter 10). GJ 275.2AD has an astro-
metrically determined photocentric semimajor axis of 0.05′′ (Harrington et al. 1993). LHS
1955AB has a visually determined orbit with a separation of 0.808′′ and LHS 2071AB has
an astrometrically determined photocentric semimajor axis of 0.021′′ (Riedel et al. 2010).
The projected rotational velocity measurements for these systems may be measurements of
either the primary component if the secondary is significantly fainter, or both stars. We
also note that if a companion of comparable brightness is observed in our spectra that we
might observe broader absorption lines when the two stars in the system are at velocity
extrema, which would translate into larger measured vsini values for the star.
Within the uncertainties, our vsini measurements are in good agreement with the prior
estimates obtained from the literature (see Table 11.3; Delfosse et al. 1998; Mohanty & Basri
2003; Jones et al. 2005; Reiners & Basri 2007; Jenkins et al. 2009; Browning et al. 2010;
Bailey et al. 2012; Deshpande et al. 2012; Reiners et al. 2012; Mamajek et al. 2013). Fig-
ure 11.1 compares our measured vsini values for 18 stars to values collected from the lit-
erature. All stars have at least one literature value that is within 2σ of our value, except
for GJ 896A. The vsini estimate (10.0±3.0 km s−1) from Jones et al. (2005) is 2.1 sigma
less than our measurement (16.2±0.5 km s−1). Similarly, the vsini value that Jones et al.
(2005) obtained for GJ 896B (15.0±3.0 km s−1) is also significantly lower (3σ) compared to
the values obtained by this paper (27.0±5.4 km s−1) and Delfosse et al. (1999) (24.0±4.8
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Figure 11.1: A comparison of our measured vsini values for 18 stars to values collected from
the literature given in Table 11.3. All stars have at least one literature value that is within
2σ of our value, except for GJ 896A.
km s−1). Overall, we conclude that the uncertainties determined in this paper are reason-
able 1σ errors, and we caution that the values determined by Jones et al. (2005) with the
Spectrometer 4 (R ∼ 42,000) on the UK Infrared Telescope are potentially erroneous.
After comparing our vsini measurements to literature values in Figure 11.1, we adopt
the final uncertainty of our vsini measurements to be ±20% for our stars. We do note that
in Table 11.1, we only list our internal error to demonstrate how well we are measuring the
vsini values of our stars.
For GJ 1167A, our analysis determined the vsini value to be 54 ± 10.2 km s−1. This
makes GJ 1167A one of the fastest known rotating M-dwarfs (other fast rotating rotating M-
dwarfs have been published in Delfosse et al. 1998; Mohanty & Basri 2003; Reiners & Basri
2010). We caution that our vsini calibration is not tested at such large vsini values.
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11.2.1 vsini Distribution
With our 75 new vsini values and 169 known values from the literature, now over half of the
mid to late M-dwarfs (244) identified in our sample of 402 stars have vsini values. The vsini
values of these stars range from 1.4 km s−1 to 54 km s−1. Of those 244, 213 stars are observed
with high enough spectral resolving power to determine rotational broadening as small as
3 km s−1. In total, 85 stars of the 213 stars (40%) show rotational broadening of vsini < 3
km s−1. The median vsini value for M4−M8 stars is 4.1 km s−1, which is considerably less
than the median of 9.00 km s−1 for M4−M9 stars reported by Jenkins et al. (2009). Our
numbers are different because our sample includes more early type M-dwarfs (M3.5-M5.0)
than in the Jenkins et al. (2009) sample; early M-dwarfs have a lower percentage of stars
with high rotational velocities (Jenkins et al. 2009; Reiners & Basri 2010). Our sample is
composed of ∼80% M4−M5.5 stars compared to ∼60% M4−M5.5 stars in the sample by
Jenkins et al. (2009).
Subdividing the sample even further, we calculate both the median vsini in the spectral
type bin between M4−M5.5 (188 stars) to be 3.9 km s−1 and the median vsini for the
M6−M8 (25 stars) bin to be 9.0 km s−1. To determine typical scatter around the median
vsini values for these populations, we calculate the standard deviation of the vsini values
for these two subsets. To do this, we adopt the upper vsini limit in cases where the spectral
resolution was not high enough to resolve fully the lines. With this, we determine the
standard deviations to be 5.8 and 5.4 km s−1 for the M4−M5.5 bin and the M6−M8 bin,
respectively. Next, we want to test whether these two populations come from the same
parent population. Again, we adopt the upper vsini limit, in cases where the spectral
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resolution was not high enough to resolve fully the lines. Then we perform a K-S test
to compare these distributions. The K-S test returns a D-statistic of 0.5047, giving an
extremely low probability of only 0.002% that the rotation rates for stars between M4−M5.5
and M6−M8 are drawn from the same parent population.
Figure 11.2 shows the fraction of mid M-dwarfs (M3-M7) in each spectral sub class with
measured rotation rates (vsini > 3 km s−1). Error bars show 1σ uncertainties and are based
on binomial statistics. This figure includes the 75 new vsini measurements measured by
this work and 138 of the 169 published vsini values from the literature. In this figure, we
excluded 31 stars that were listed as having vsini values that are less than some value that
is greater than 3 km s−1, as these stars could have vsini values either below or above 3 km
s−1. We determine that 17% of M3 dwarfs, 43%, of M4 dwarfs, 61% of M5 dwarfs, 84%
of M6 dwarfs and 83% of M7 dwarfs have vsini values above 3 km−1; these percentages of
rotating dwarfs are similar to those of Reiners & Basri (2010) and Reiners et al. (2012), as
shown in Figure 11.2.
11.2.1.1 A Slowly Rotating Late M-dwarf Population
Determining the distribution of rotational velocities of low mass stars is important for
understanding their rotational evolution; increased rotation rate may indicate that magnetic
braking is less efficient for these stars. It is equally interesting to determine the fraction of
mid to late M-dwarfs that would be viable targets for low mass planet searches with the
RV technique. Barnes et al. (2013) calculates that RV searches with SNR ∼40 can achieve
<10 m s−1 precision based on simulated photon noise for targets with vsini = 10 km s−1.
201
Figure 11.2: Fraction of stars with measurable rotation (vsini > 3 km s−1) per spectral type
bin in our vsini sample. Our determined fractions include 75 new vsini measurements and
138 literature values and are represented by asterisks. Numbers indicate how many stars are
in each spectral bin. Error bars show 1σ-uncertainties and are based on binomial statistics.
Our sample shows a similar fraction of rapidly rotating mid M-dwarfs than Reiners et al.
(2012) and Reiners & Basri (2010), shown as triangles.
Therefore, we use this new criterion to determine how many mid to late M-dwarfs are viable
targets for low mass planet searches with the RV technique.
Figure 11.3 shows the fraction of rapidly rotating (vsini > 10 km s−1) mid M-dwarfs (M3-
M7) in each spectral sub class. Error bars show 1σ uncertainties and are based on binomial
statistics. This Figure includes 75 new vsini measurements and 168 literature values. We
excluded one star that is listed as having a vsini value that are less than or equal to a value
greater 10 km s−1. Using this new criterion, we find ∼90% of mid M-dwarfs (M3-M5.5)
and ∼60% of late M-dwarfs (M6-M8) are good candidates for future RV surveys. We find
a similar fraction of rapidly rotating M-dwarfs as Reiners & Basri (2010) and Reiners et al.
(2012), as shown in Figure 11.3.
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Figure 11.3: Fraction of rapidly rotating (vsini > 10 km s−1) stars per spectral type bin in
our sample. Our determined fractions include 75 new vsini measurements and 168 literature
values and are represented by asterisks. Numbers indicate how many stars are measured
per spectral bin. Error bars show 1σ-uncertainties and are based on binomial statistics.
We find ∼90% of mid M-dwarfs (M3-M5.5) and ∼60% of late M-dwarfs (M6-M7.5) have
vsini values below 10 km s−1. We find a similar fraction of rapidly rotating M-dwarfs as
Reiners et al. (2012) and Reiners & Basri (2010).
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Table 11.1: Projected Rotational Velocity Measurements of mid M-dwarfs with CSHELL
Name R.A. Decl. V a MV KS
b V−K Parallaxc vsini
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
GJ 102 02 33 37.17 +24 55 39.2 12.981 13.03 7.63 5.35 102.40±2.701 3.8±0.7
LEP 0336+31 03 36 08.70 +31 18 39.6 13.722 13.22 8.32 5.40 79.60±2.502 14.9±0.1
LHS 1638 04 12 16.93 +64 43 56.1 13.731 13.37 8.29 5.41 84.80±2.901 7.1±0.1
GJ 170 04 30 25.27 +39 51 00.1 13.931 13.84 8.25 5.68 95.90±2.801 14.1
GJ 1073 04 52 34.48 +40 42 25.5 13.441 12.88 8.31 5.13 77.40±2.401 <3
LHS 1807 06 02 22.62 −20 19 44.7 13.263 12.52 8.37 4.89 71.00±1.583 <3
G 192-022 06 14 02.40 +51 40 08.1 12.864 12.10 8.12 4.74 70.40±10.001 <3
G 108-022B 06 42 13.34 +03 35 31.1 13.335 13.23 8.28 5.05 95.70±8.501 <3
GJ 1092 06 49 05.42 +37 06 53.4 13.781 13.16 8.77 5.01 75.00±2.201,4 <3
GJ 1096 07 16 18.02 +33 09 10.4 14.486 13.61 8.88 5.60 66.90±4.101 21.4±3.7
LHS 1914 07 22 42.03 +30 40 12.0 13.381 11.51 8.69 4.69 42.20±3.301 <3
2MA 0738+24 07 38 29.52 +24 00 08.8 12.977 11.59 8.12 4.85 53.00±2.505 <3
GJ 1103 07 51 54.66 −00 00 11.8 13.268 13.54 7.66 5.60 114.00±3.301 <3
LHS 6149 08 34 25.87 −01 08 39.2 12.739 12.06 8.03 4.70 73.40±9.601 <3
GJ 333.2B 09 00 50.33 +05 14 29.4 12.7210 10.90 8.03 4.69 43.35±3.851,6 <3
LHS 267 09 20 57.94 +03 22 06.4 13.3311 12.25 8.52 4.81 60.80±4.101 <3
GJ 363 09 42 23.28 +55 59 01.6 12.501 11.57 7.53 4.97 65.10±8.701 <3
LP 847-048 09 55 23.86 −27 15 40.7 12.0812 11.81 7.14 4.94 88.32±3.186 <3
LHS 2224 10 09 29.97 +51 17 19.8 13.481 12.86 8.52 4.96 75.20±3.201 <3
LHS 2268 10 28 27.81 +48 14 20.0 13.251 11.64 8.23 5.02 47.70±2.201 3.2±0.4
GJ 397.1B 10 31 30.76 +57 05 18.0 16.209 14.93 8.89 7.31 55.77±1.311,6 19.4±2.1
GJ 398 10 36 01.21 +05 07 12.8 12.6010 11.79 7.60 5.00 68.80±6.301 <3
WT 1827 10 43 02.93 −09 12 41.1 15.1113 14.65 8.73 6.38 80.99±2.427 <3
LHS 2317 10 50 26.00 +33 06 05.2 13.071 11.27 8.01 5.06 43.60±2.801 <3
GJ 403 10 52 04.41 +13 59 51.0 12.737 12.25 7.80 4.94 80.24±2.691,8 <3
LHS 2328 10 55 34.49 −09 21 26.3 13.553 12.21 8.61 4.94 53.84±1.473 <3
LHS 296 11 01 19.66 +03 00 17.2 14.061 13.34 8.91 5.15 71.80±3.101 <3
LP 491-051 11 03 21.25 +13 37 57.1 12.9914 12.05 7.91 5.08 64.80±3.005 <3
GJ 421C 11 15 15.51 −18 07 35.9 13.6110 12.63 8.76 4.85 63.73±6.031,6 <3
GJ 425B 11 21 26.56 −20 27 09.5 11.009 10.40 5.83 5.17 75.88±1.251,6 <3
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Table 11.1 – Continued
Name R.A. Decl. V MV
a KS
b V−K Parallaxc vsini
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
GJ 1146 11 21 38.47 +06 08 25.7 13.571 12.24 8.97 4.60 54.20±4.201 <3
LHS 306 11 31 08.36 −14 57 20.2 14.1913 13.94 8.50 5.69 89.02±1.667,8 <3
G 10-52 11 48 35.49 +07 41 40.4 13.657 12.07 8.60 5.05 48.20±2.205 14.5±0.8
L 758-107 12 11 16.98 −19 58 21.4 12.625 12.12 7.74 4.88 79.43±2.366 <3
GJ 458B 12 12 21.12 +54 29 23.2 13.3315 12.38 8.39 4.94 64.53±1.421,6 <3
LP 377-100 12 29 27.13 +22 59 46.7 14.1816 12.64 9.00 5.18 49.10±3.005 <3
LHS 2567 12 29 54.22 −05 27 24.1 13.083 11.47 7.96 5.12 47.68±1.293 16.5±0.1
LHS 2568 12 29 54.69 −05 27 20.3 14.2117 12.60 8.92 5.29 47.68±1.293 <3
GJ 1162 12 38 47.32 −04 19 16.9 13.5618 12.09 8.46 5.11 50.70±3.101 <3
GJ 1167A 13 09 34.95 +28 59 06.6 14.189 14.00 8.61 5.57 91.90±4.741,8,9 54±4.7
LHS 2686e 13 10 12.69 +47 45 19.0 15.531 15.46 8.69 6.84 96.80±4.709 <3
GJ 1169 13 16 32.84 +27 52 29.8 13.261 12.26 8.44 4.82 63.20±2.501 <3
LHS 350 13 22 56.74 +24 28 03.4 12.961 12.28 7.96 5.00 73.10±2.701 <3
LHS 2729 13 23 38.05 −25 54 45.0 12.893 12.16 7.78 5.11 71.48±1.533 7.7±0.5
GJ 512B 13 28 21.51 −02 21 31.4 13.6910 13.00 8.30 5.39 72.84±2.701,6 <3
GJ 514.1 13 30 02.85 −08 42 25.2 14.3310 13.28 8.75 5.58 61.56±2.061,6 <3
GJ 1174 13 40 08.98 +43 46 37.8 12.7810 11.77 7.79 4.99 62.70±3.801 4.3±0.8
LHS 2899 14 21 15.13 −01 07 19.9 13.123 12.49 8.09 5.03 74.66±2.153 <3
GJ 1193 15 34 30.54 +14 16 18.2 13.836 12.26 8.81 5.02 48.50±3.401 <3
LP 099-392 15 35 25.67 +60 05 07.7 13.464 12.05 8.41 5.05 52.34±0.626 14.0±1.7
LHS 3091 15 35 46.10 +22 09 03.7 12.731 11.38 7.92 4.81 53.80±3.501 <3
GJ 1194A 15 40 03.53 +43 29 39.7 12.481 11.83 7.56 4.92 74.20±4.801 <3
GJ 1194B 15 40 03.74 +43 29 35.5 13.809 13.15 8.20 5.60 74.20±4.801 <3
LHS 3122 15 49 38.33 +34 48 55.5 13.201 12.05 7.84 5.36 58.90±3.801 <3
LHS 3130 15 53 06.65 +34 44 47.4 13.171 11.42 8.18 4.99 44.66±2.331 <3
LHS 3169 16 14 21.98 −28 30 36.2 12.953 11.59 8.11 4.84 53.43±1.463 <3
LHS 3197 16 26 48.16 −17 23 33.6 14.303 13.00 8.68 5.62 55.03±1.363 5.1±1.0
GJ 1204 16 36 05.63 +08 48 49.2 13.811 12.88 8.51 5.30 65.20±4.201 <3
LP 625-034 16 40 06.00 +00 42 18.8 13.7019 13.45 8.21 5.49 89.00±2.301 23.8±2.2
G 169-029 16 50 57.95 +22 27 05.8 14.087 14.01 8.31 5.77 96.61±1.1810 9.9±0.6
LHS 3262 17 03 23.85 +51 24 21.9 13.541 13.65 7.92 5.62 105.40±2.501 <3
GJ 1222 17 54 17.10 +07 22 44.7 13.121 12.01 7.97 5.15 60.00±3.701 <3
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Table 11.1 – Continued
Name R.A. Decl. V MV
a KS
b V−K Parallaxc vsini
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (km s−1)
LHS 461 18 18 03.46 +38 46 36.0 13.541 13.27 8.37 5.17 88.40±3.601 <3
GJ 720B 18 35 27.23 +45 45 40.3 13.021 12.08 8.08 4.94 64.79±0.861,6 <3
LHS 3446 19 14 39.32 +19 18 21.9 13.281 11.93 8.34 4.94 53.72±1.731,6,9 <3
GJ 1235 19 21 38.68 +20 52 02.8 13.478 13.47 7.94 5.53 100.10±3.501 <3
GJ 784.2A 20 13 58.98 +06 41 16.1 13.3310 11.58 8.17 5.16 44.70±1.901 <3
GJ 792 20 31 25.61 +38 33 43.2 13.481 12.61 8.36 5.12 67.10±2.801 <3
GJ 1256f 20 40 33.64 +15 29 57.2 13.458 13.49 7.75 5.70 102.00±2.201 <3
LP 756-003 20 46 43.61 −11 48 13.2 13.7614 12.40 8.44 5.32 53.50±1.305 9.5±0.7
LHS 3593 20 53 33.04 +10 37 02.0 13.971 13.25 8.48 5.49 71.90±2.801 <3
LTT 16369 21 46 56.26 +46 38 06.2 13.364 12.27 8.21 5.15 60.50±0.8011 <3
GJ 1270 22 29 48.86 +41 28 48.0 13.241 12.54 8.04 5.20 72.50±2.901 <3
GJ 1290 23 44 20.84 +21 36 05.0 13.2916 11.58 8.23 5.06 45.40±4.001 <3
LHS 4021 23 50 31.59 −09 33 32.1 13.443 12.42 8.04 5.40 62.41±1.703 <3
aV References. (1) Weis (1996); (2) Le´pine et al. (2009); (3) Riedel et al. (2010); (4) Weis (1988); (5) Weis (1991); (6)
Harrington & Dahn (1980); (7) RECONS; (8) Davison et al. (2015); (9) Gliese & Jahreiß (1991); (10) Bessel (1990); (11)
Dahn et al. (1988); (12) Koen et al. (2010); (13) Jao et al. (2005); (14) Reid et al. (2003); (15) Weis (1993); (16) Weis (1987);
(17) Riedel et al. (2010); (18) Reid et al. (2002); (19) Weis (1986).
bKs values are from Skrutskie et al. (2006).
cWhen multiple parallax references are listed, the reported value here is the weighted means for each system. Parallax
References. (1) van Altena et al. (1995); (2) Le´pine et al. (2009); (7) Riedel et al. (2010); (3) Khrutskaya et al. (2010); (4)
van Leeuwen (2007); (5) Jao et al. (2005); (6) Smart et al. (2007); (8) Shkolnik et al. (2012); (9) Smart et al. (2010); (10) this
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paper; (11) Pravdo & Shaklan (2009).
dThe error listed in Table 11.1 to the vsini value is calculated as the standard deviation of the vsini measurements for each
star. We estimate the final uncertainty of our vsini measurements, after comparing our vsini measurements to literature values,
to be ±1 km s−1 for stars with vsini values less than 10 km s−1. For stars with vsini greater than this, we estimate the final
uncertainty of our measurements to be ±20%.
eLHS 2686 had a previous estimated projected rotational velocity to be less than 20 km s−1 by Mochnacki 2002.
fGJ 1256 was listed in Bonfils et al. (2013a) as part of their M-dwarf sample. To be included in this sample, the authors stated
the star had to have a vsini value below 6.5 km s−1.
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Table 11.2: Projected Rotational Velocity Measurements of Additional
Stars within 25 pc
Name R.A. Decl. vsini
(J2000.0) (J2000.0) (km s−1)
LHS 1610ABa 03:52:41.76 +17:01:04.3 <3
GJ 275.2ADa 07:30:42.78 +48:11:58.6 <3
LHS 1955ABa 07:54:54.80 −29:20:56.4 <3
LHS 2071ABa 08:55:20.25 −23:52:15.2 5.9±0.3
LHS 351b 13 29 21.31 +11 26 26.5 <3
GJ 1200b 16 14 32.85 +19 06 10.2 <3
aThese stars are binary stars. The projected rotational velocity measurement may be a
measurement of both stars.
bThese stars have V−K values less than the minimum of 4.65 and therefore are not included
in our sample.
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Table 11.3: Rotational Velocity Measurements of Comparison Stars
Name vsini (km s−1)
this work (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
G 099-049 5.8 7.4 - - - - - - - - - -
GJ 285 3.6 6.5 - 5.0 4.6 - 4.6 - - - - -
GJ 1111 11.1 8.1 11.0 13.0 - - - - - - - -
LHS 2090 15.2 - - - - - - 20.0 - - - -
LHS 2206 10.8 - - - - - - 16.5 - - - -
GJ 1154 6.3 5.2 - - - - - - - - - -
GJ 1156 16.1 9.2 - - - - - - - 17.4 - -
GJ 493.1 17.3 16.8 - - - - - - - - - -
GJ 1207 11.1 - - - - 10.7 - - - - - -
LHS 3376 16.1 14.6 - - - - - - - - - -
GJ 729 3.8 - - 4.0 4.0 <3.0 - - - - - -
GJ 1245B 7.9 6.8 - 7.0 7.0 - - - - - - -
AU Mic 10.3 - - - <8.5 - - - - - - 8.7
G 188-038 37.5 29.4 - - - 35.1 - - - - - -
GJ 873 3.0 6.9 - ≤3.0 3.5 - - - - - - 4.7
LP 876-010 25.7 - - - - - - - - - 22.0 -
GJ 896A 16.2 - - - - - - - 10.0 - - -
GJ 896B 27.0 24.2 - - - - - - 15.0 - - -
avsini References: (1) this work; (2) Delfosse et al. (1998); (3) Mohanty & Basri (2003); (4)
Reiners & Basri (2007); (5) Browning et al. (2010); (6) Reiners et al. (2012); (7) Reiners
(2007); (8) Jenkins et al. (2009); (9) Jones et al. (2005); (10) Deshpande et al. (2012); (11)
Mamajek et al. (2013); (12) Bailey et al. (2012).
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Table 11.4: Radial Velocity Measurements of Select Mid M-dwarfs
Name RV (km s−1)
this work (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
GJ 102 −6.44±0.10 −0.3 −3±4 - - - - - - - - -
LEP 0336+31 12.82±0.37 - 15±4 - - - - - - - - -
LHS 1638 20.46±0.11 27.2 - - - - - - - - - -
GJ 170 14.99±0.19b 27.4 - 12.9 - - - - - - - -
GJ 1073 103.14±0.19b 163.9 95±5 101.8 - - - - - - - -
LHS 1807 6.42±0.08 12.9 - - - - - - - - - -
G 192-022 63.16±0.31 65.9 - - - - - - - - - -
G 108-022B 82.76±0.13 87.1 82±4 81.7 - - - - - - - -
GJ 1092 −3.09±0.15 4.5 - - - - - - - - - -
GJ 1096 9.41±0.26 24.0 7±5 - - - - - - - - -
LHS 1914 21.11±0.44 28.1 13±5 - - - - - - - - -
2MA 0738+24 17.02±0.34 - 14±4 - 16.9±0.2 - - - - - - -
GJ 1103 38.88±0.09 36.7 - 36.0 - - - - - - - -
LHS 6149 60.71±0.21 81.1 - - - - - - - - - -
GJ 333.2B −37.21±0.27 −27.2 - - - - - -−38.0 - - -
LHS 267 8.90±0.13 13.6 1±4 - - 15.0 - - - - - -
GJ 363 15.39±0.01 23.3 11±4 13.0 - - - - - - - -
LP 847-048 6.28±0.08 - - - - - - - - - - -
LHS 2224 45.97±0.09 58.1 - 43.9 - - - - - - - -
LHS 2268 −38.10±0.21 −20.6 - - - - - - - - - -
GJ 397.1B −6.54±0.31 23.8 −6±4 - - - - - - - - -
GJ 398 21.38±0.56 13.1 17±4 19.7 - - - - - 21±5 - -
WT 1827 42.51±0.19 - - - - - - - - - - -
LHS 2317 −59.95±0.07 −55.1 - - - - - - - - - -
GJ 403 23.18±0.16 35.8 18±6 19.2 - - - - - - - -
LHS 2328 19.09±0.01 24.2 - - - - - - - - - -
LHS 296 −1.61±0.26 2.8 −9±7 - - - - - - - - -
LP 491-051 −8.070±0.34 - - - - - - - - - - -
GJ 421C 7.88±0.15 −21.3 - - - - - - - - - -
GJ 425B −1.58±0.01 8.5 - 2.3 - - - - - - 1.2±1 -
GJ 1146 49.25±0.07 58.4 34±5 - - - - - - - -94.4
LHS 306 −0.85±0.03 −9.6 - - - - - - - - - -
G 10-52 −11.86±0.58 -−12±6 - −9.8±0.8 - - - - - - -
210
Table 11.4 – Continued
Name RV (km s−1)
this work (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
L 758-107 −9.29±0.13 −3.7 - - - - -−9.226±0.4 - -−9.2±0.1 -
GJ 458B −17.69±0.32 −12.0 - - - - - - - - - -
LP 377-100 −22.96±0.23 −25.9−22±4 -−22.6±0.1 - - - - - - -
LHS 2567 −15.19±0.20 −12.4 - - - - - - - - - -
LHS 2568 −12.63±0.20 −10.0 - - - - - - - - - -
GJ 1162 21.46±0.28 12.6 - - - - - - - - - -
GJ 1167A 1.14±9.45 −27.3 −3±4 - −5.2±2.6 - - - - - - -
LHS 2686 −12.14±0.30 -−10±5 - - - - - - - - -
GJ 1169 0.89±0.08 7.5 −2±5 - - - - - - - - -
LHS 350 −19.29±0.11 13.4−19±5 - - - - - - - - -
LHS 2729 −16.85±0.19 −0.3 - - - - - - - - - -
GJ 512B −40.68±0.13 −21.6 - - - - - - -−17±10 - -
GJ 514.1 14.61±0.27 −46.9 - - - - - - - - - -
GJ 1174 −38.72±0.16 −18.7 - - - - - - - - - -
LHS 2899 8.58±0.02 −11.3 - - - - - - - - - -
GJ 1193 −12.06±0.10 −4.6−12±4 - - - - - - - - -
LP 099-392 −8.59±0.20 - −4±5 - - - - - - - - -
LHS 3091 −59.77±0.07 −25.5 -−59.9 - - - - - - - -
GJ 1194A −119.95±0.37−141.2 - - - - - - - - - -
GJ 1194B −118.98±0.85−104.5 - - - - - - - - - -
LHS 3122 −69.94±0.16 −55.1 - - - - - - - - - -
LHS 3130 29.24±0.06 36.9 - - - - - - - - - -
LHS 3169 −49.62±0.22 −23.4 -−50.1 - - - - - - - -
LHS 3197 −46.75±0.01 −54.1 - - - - - - - - - -
GJ 1204 −44.31±0.25 −6.0−44±5 - - - - - - - - -
LP 625-034 −79.60±0.31 55.4 10±6 - - - - - - - - -
G 169-029 −41.96±0.22 −11.8−46±5 - - - - - - - - -
LHS 3262 37.77±0.01 66.2 42±4 36.9 - - - - - - - -
GJ 1222 −28.83±0.19b −3.3−29±4 - - - - - - - - -
LHS 461 −0.63±0.13 −10.7 1±4 - -−8.1 - - - - - -
GJ 720B −31.84±0.18 −29.8−29±4−32.2 - - - - - - - -
LHS 3446 −49.72±0.19b −45.0−51±4 - - - - - - - - -
GJ 1235 4.93±0.16 9.7 3±5 4.7 - - - - - - - -
GJ 784.2A −1.00±0.39 8.4 - - - - 3.01±12.09 - - - - -
GJ 792 −24.37±0.23 −11.1−19±9 - - -−61.91±17.67 - - - - -
GJ 1256 −59.40±0.04 −57.7 -−60.2 - -−96.63±18.09 - - - - -
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Table 11.4 – Continued
Name RV (km s−1)
this work (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
LP 756-003 −32.94±0.06 - - -−32.8±0.3 - - - - - - -
LHS 3593 −20.22±0.51 −40.7−17±4 - - - - - - - - -
LTT 16369 −6.32±0.19b 10.3 - - - - - - - - - -
GJ 1270 2.32±0.13 −15.2 7±5 0.0 -−7.1 - - - - - -
GJ 1290 −5.63±0.14 −8.9 - - −5.9±0.4 - - - - - - -
LHS 4021 −21.26±0.32 −42.8 - - - - - - - - - -
Radial Velocity References: (1) this work; (2) Reid et al. (1995) gives RV measurements to an accuracy of ∼±10 km s−1; (3)
Newton et al. (2014); (4) Gizis et al. (2002) lists RV measurements accurate to <1.5 km s−1; (5) Shkolnik et al. (2012); (6)
Dawson & De Robertis (1998) states that the typical RV rror is on the order of 4 km s−1; (7) Dawson & De Robertis (2005);
(8) Nidever et al. (2002); (9) Stauffer & Hartmann (1986) gives RV measurements accurate to 1 km s−1; (10) Wilson (1953);
(11) Gontcharov (2006); (12) Gizis (1997) gives RV to an accuracy of ∼±20 km s−1.
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Summary of Results
Presented is an observational study of nearby mid to late M-dwarfs. The goals of this study
are to identify stellar, brown dwarf, and planetary companions around the nearest mid to
late M-dwarfs, to identify a set of nearby mid M-dwarfs that can be targeted for precision
planet searches, and to determine how the projected rotational velocities (vsini) of M-stars
change with spectral type. Here is a summary of the seminal findings.
12.1 A 3D Search for Companions to 58 Nearby M-Dwarfs
In recent years, we have gained a better statistical understanding on how common Jupiter-
size and Earth-size planets are around stars from the Kepler mission that photometri-
cally monitored approximately 150,000 stars in its first 3.5 years (e.g. Batalha et al. 2010;
Howard et al. 2012; Dressing & Charbonneau 2013; Fressin et al. 2013; Mulders et al. 2014).
Of those, 3,000 are M-stars that are brighter than 16th magnitude in the Kepler passband
(Kp<16 Batalha et al. 2010). As Kepler is magnitude limited, most M-stars being moni-
tored are early M-dwarfs. Kepler has discovered many planets around these stars and even
around a few mid M-dwarfs, like the M4 dwarf Kepler 42 (Muirhead et al. 2012, 2014). How-
ever, Kepler and the subsequent K2 mission (Howell et al. 2014) will not able to survey all of
our faint stellar neighbors and thereby determine an unbiased measurement of the frequency
of planets around mid to late M-dwarfs. With the current limited number of mid to late M-
dwarfs that have been surveyed for companions by ground based telescopes and Kepler, we
cannot concretely say whether planets even exist around these stars, as the latest known star
with an exoplanet is the M4.5 dwarf GJ 1214 (Reid et al. 1995; Charbonneau et al. 2009).
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Therefore, the New Worlds New Horizons 2010 Astronomy Decadal Survey has stated the
need to develop new innovative reduction techniques and instrumentation to explore the
lowest mass stars on the main sequence, as these stars are often too faint and chromospher-
ically active for current ground based optical companion surveys and the Kepler mission.
Motivated by this, we have identified and characterized a volume-limited survey of mid to
late M-dwarfs and present the results of our infrared RV and astrometric programs, which
are both viable methods to discover Jupiter-mass and brown dwarf companions.
We identify a volume-limited equatorial (± 30◦ Decl.) sample of all known single (within
4′′) mid M-dwarfs (M2.5V-M8.0V) extending out to 10 pc; these stars are observable from
most facilities in the northern and southern hemispheres. For this sample of 58 stars, we
provide new low dispersion optical (6000 − 9000 A˚) spectra, from which we measure the
Hα equivalent widths, Na I indices and spectral types. We determine that 35/58 CAESAR
stars are emission-line stars, and note the trend of later type M-stars being more likely
to be emission-line stars than earlier type M-stars. In our sample, 37% of the 35 stars
with spectral types M4 or earlier are emission-line stars, whereas 100% of the 9 stars with
spectral type M6 or later are emission-line stars. Our fraction of M-dwarfs with emission
are comparable to that of Gizis et al. (2000) and Reiners et al. (2012).
We provide new V, R, and I photometry for the 58 CAESAR stars. We also provide
photometric variability for 53 out of the 58 CAESAR stars and three additional stars (G
169-029, GJ 867BD, LHS 1610AB) over timescales ranging from 3.93 to 15.23 years. The
median variability in V is 14.4 mmag (34 stars), R is 13.5 mmag (14 stars) and I is 11.4
mmag (8 stars), which are consistent with variability measurements by Hosey et al. (2015).
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We identified 8 targets (LHS 1610AB, GJ 166C, GJ 273, GJ 285, G 169-029, GJ 1256, G188-
038, GJ 867BD) that change brightness by more than 20 mmag and are clearly variable.
Using this criterion, 18% in V (34 stars), 7% in R (14 stars) and 0% in I (8 stars) are
significantly varying. Three stars (LHS 1302, GJ 1207 and LHS 3799) in our sample exhibit
flares and are listed as flare stars in Gershberg et al. (1999). Of particular note is GJ 1207,
which had a flare on UT 2002 June 17 that caused it to brighten by 1.7 mag in the V band
(Henry et al. 2006). This flare event causes GJ 1207 to have the largest variability (192.4
mmag )in our sample; excluding the flare event the variability of GJ 1207 is only 18.1 mmag.
Two of our stars (LHS 1610AB at V and G 169-029 at R) exhibit long-term photometric
trends. Hosey et al. (2015) discovered G 169-029 to be one of the first M-dwarfs to have
lasting flux changes on a time scale of a decade using these 0.9-m data. G 169-029 has
consistently brightened for ∼13 years, with an overall flux change of ∼5% in R.
For 53 out of the 58 CAESAR stars and one additional star G 169-029, we measured
parallaxes, proper motions and tangential velocities. We report the first trigonometric
parallax for G 169-029, which has an absolute parallax of 96.61±1.18 mas. We also report
new distance measurements for two stars, GJ 1235 and LHS 1302, that place these objects
beyond 10 pc. Also, we report that LHS 292 has sinusoidal-like astrometric residuals and
classify this star as a candidate variable. Our average astrometric precision using RECONS
data from the 0.9-m telescope at Cerro Tololo Inter-american Observatory is ∼3 mas over
baselines ranging from 9 to 13 years. Strict limits are placed on the presence of companions
around these 54 stars (53 CAESAR stars and G 169-029) with astrometric data using Monte
Carlo simulations. Our astrometric results show that on average, we rule out the presence
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of companions with masses greater than 14 MJUP with an orbital period of 4 years and
greater than 9 MJUP with an orbital period of 8 years.
We present rotational velocities and absolute RVs for 48 CAESAR stars and for 10 other
stars (AU Mic, G 169-029, GJ 281, GJ 393, GJ 745B, GJ 873, GJ 905, GJ 1245B, LHS
1805, LHS 3376) observed during the course of our observations using infrared data from
NASA’s IRTF. Of those stars, we report the first vsini measurement for 4 stars (G 169-029,
GJ 102, GJ 1103, GJ 1235) and we report the first precise vsini values for GJ 1256 and
LHS 3799.7 We detect rotational broadening above our detection threshold of 3 km s−1 for
20 out of the 58 stars. Of the stars with detected rotational broadening, we also identify a
subset of 14 high vsini (>6.5 km s−1) stars (AU Mic, G 169-029, G 188-038, GJ 493.1, GJ
896A, GJ 896B, GJ 1111, GJ 1156, GJ 1207, GJ 1245B, LHS 2090, LHS 2206, LHS 3376,
LP 876-010).
We successfully measured RVs on multiple epochs for 47 CAESAR stars and for 10
additional stars (AU Mic, G 169-029, GJ 281, GJ 393, GJ 745B, GJ 873, GJ 905, GJ
1245B, LHS 1805, LHS 3376). Our observed RV dispersion for 44 slowly rotating (vsini <
6.5 km s−1) stars is 115 m s−1 with a standard deviation of 51 m s−1. Not all of these stars
are observed with high SNR. For 10 slowly rotating stars with high SNR spectra (>150), we
demonstrate the achievable RV precision using our technique is ∼90 m s−1 over timescales
from 13 days to 5 years (Davison et al. 2015). We perform Monte Carlo simulations for 45
of these 47 stars with multiple RV measurements. Our spectroscopic results indicate that
on average, we rule out the existence of companions with masses of 1.5 MJUP or greater in
7GJ 1256 and LHS 3799 are included in HARPS M-dwarf sample, which only includes targets stars
with vsini < 6.5 km s−1 (Bonfils et al. 2013a); however no individual vsini values of these stars are in the
literature.
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10 day orbital periods and 8 MJUP or greater in 100 day orbital periods around the slowly
rotating (vsini > 6.5 km s−1) M-dwarfs in this sample.
An ensemble result of this work is that all 58 CAESAR stars studied here with infrared
spectroscopy, astrometry and in the literature with various other techniques are found to be
single stars without stellar, brown dwarf, or giant planet companions within the respective
detection limits of the studies. These results provide a first step in the process of vetting our
nearest neighbors for planet searches. We suggest these slowly rotating, single stars would
be prime targets for upcoming Earth mass RV planet searches using new instruments coming
online (e.g. ISHELL with use of a gas cell, SPIROU and CARMENES; Rayner et al. 2012;
Reshetov et al. 2012; Quirrenbach et al. 2010), as these instruments should be sensitive
enough to search for Earth-mass planets around mid to late M-dwarfs.
Two additional stars, GJ 867B and LHS 1610, were initially included in this program,
but were later discovered to be spectroscopic binaries (SB). The first discovery is that the
M3.5 dwarf GJ 867B is a single-lined SB with a period of 1.795 ±0.017 days. Its velocity
semi-amplitude of 21.4 ± 0.5 km s−1 corresponds to a minimum mass for the companion of
61 ± 7 MJUP ; the new companion, which we call GJ 867D, could be a brown dwarf. The
binary GJ 867BD is a wide (24.′′5) companion to the M2 dwarf GJ 867AC, which is itself a
4.1 day double-lined SB. With this discovery, the GJ 867 system becomes one of only four
quadruple systems within 10 pc of the Sun (d =8.82 ± 0.08 pc) and the only among these
with all M-dwarf (or cooler components). The second discovery is that the M4.0V dwarf
LHS 1610 is a SB; our data show RV changes of up to ∼4.4 km s−1 per day and confirm
the claim that is star a SB by Bonfils et al. (2013b).
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In total, there are 68 mid M-dwarf systems (M3.5 to M8.0) within 10 pc. Of these, 12
are binaries, five are triples, one is a quintuple system (GJ 644ABE-C-GJ 643) and one is
a multi-planetary host (GJ 876; Rivera et al. 2010).
In Table 12.1, we give a summary of the results determined by the CAESAR survey.
These results include RECONS spectral type, V and I photometry, photometric variability,
distance, projected rotational velocity, Hα measurements, companions mass detection limits
determined by radial velocity at 3 and 10 days, and companion mass detection limits de-
termined by astrometry at 4 and 8 years. Next to the photometric variability measurement
is listed the filter it was measured in. The Hα columns list the minimum and maximum
value we determined. If we only obtained one value of Hα, we listed it in the maximum Hα
column.
12.2 Projected Rotational Velocities of Mid to Late M-dwarfs
To determine how the projected velocities (vsini) of M-stars change with spectral type, we
assembled a list of all known single (within 2′′) mid to late M-dwarfs that have trigonometric
parallaxes within 25 pc and reside between −30◦ and +65◦ Decl. and do not have known
companions within 3′′ (see §2.2). From this list of 402 stars, only 169 stars have previously
reported vsini values. To gain a more complete and less biased census of the rotational
properties of the population, we obtain new spectroscopic measurements for an additional
75 stars, yielding an increase in known vsini values by 44%. Of our 75 new measurements,
only 17 of these stars (∼23%) have vsini values above our detection limit of 3 km s−1. The
fastest rotator in our sample, GJ 1167A, has a vsini value of 54 ± 10.2 km s−1; this is
one of the fastest known rotating M-dwarfs (Delfosse et al. 1998; Mohanty & Basri 2003;
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Reiners & Basri 2010). We do caution that our vsini measurements are not calibrated at
such large values.
Of the 244 stars with vsini measurements, we determine that 17% of M3, 43%, of M4,
61% of M5, 84% of M6, and 83% of M7 have vsini values above 3 km−1. These values
are in line with those of Reiners et al. (2012) and Reiners & Basri (2010). This increase
of rotational velocities with lower mass stars may indicate that magnetic braking is less
efficient for these stars.
We also want to determine the fraction of slowly rotating mid to late M-dwarfs that
would be viable targets for low mass planet searches with the RV technique. Therefore,
we determined the number of M-dwarfs with vsini < 10 km s−1, the threshold at which
Barnes et al. (2013) calculated that with SNR ∼40 one could achieve <10 m s−1 RV pre-
cision. Using this new criterion of rapid rotation being above 10 km s−1, we find ∼90%
of mid M-dwarfs (M3-M5.5) and ∼60% of late M-dwarfs (M6-M8) are good candidates for
future RV surveys.
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Table 12.1: Summary of CAESAR Results
Name SpType V I VAR Distance vsini HαMIN HαMAX 3 d 10 d 4 yr 8 yr
(mag) (mag) (mmag) (pc) (km s−1) EW A˚ EW A˚ (MJUP ) (MJUP ) (MJUP ) (MJUP )
GJ 1002 M5.0V 13.84 10.21 12.1R 207.45±3.47 1.4±0.3a −0.1 +0.2 1.0 1.0 6.0 4.0
GJ 54.1 M4.0Ve 12.15 8.95 22.6V 263.40±10.56 1.0±0.9a −1.3 −1.1 0.5 1.0 14.0 8.5
LHS 1302 M4.5Ve 14.49 11.16 12.5R 96.96±0.96 ... −3.6 −3.4 ... ... 18.0 11.5
GJ 83.1 M4.0Ve 12.35 9.18 8.2V 220.07±2.78 1.6±1.0a −2.1 +0.0 1.0 1.0 5.0 3.5
LHS 1326 M5.0Ve 15.70 11.91 8.6V 108.96±5.05 ... −1.4 −0.8 ... ... 20.0 13.0
LHS 1375 M5.0Ve 15.80 12.01 10.6V 107.69±3.93 ... −4.1 −2.9 ... ... 7.0 4.5
GJ 102 M3.5Ve 13.05 10.10 13.3R 103.62±4.13 3.8±0.7 ... −3.1 1.0 2.0 47.5 30.5
GJ 105B M3.5V 11.71 8.88 10.6V 130.01±4.94 0.8±0.9a +0.2 +0.3 1.0 6.0 43.0 28.5
SO 0253+16 M7.0V 15.14 10.65 8.8I 261.13±1.63 1.6±0.7a −0.4 +0.8 1.0 2.5 9.5 6.0
LP 771-95A M2.5V 11.22 8.66 15.6V 143.14±1.56 ... ... +0.0 ... ... 17.5 11.0
GJ 1057 M4.5V 13.94 10.62 18.2R 117.33±2.15 0.7±0.9a ... −0.3 1.0 3.0 17.5 11.0
GJ 1065 M3.5V 12.82 10.04 14.4V 101.21±1.60 1.0±0.8a +0.0 +0.0 1.0 3.5 19.5 12.5
GJ 166C M4.0Ve 11.24 8.31 27.0V 202.63±2.94 1.3±0.7a ... −5.3 1.0 1.5 31.0 20.5
LP 655-48 M6.0Ve 17.80 13.37 12.9I 102.91±0.69 ... ... −17.8 ... ... 6.5 4.5
LHS 1723 M4.0Ve 12.20 9.18 19.5V 186.19±0.76 1.0±0.8a ... −1.5 1.0 1.0 9.5 6.0
GJ 203 M3.0V 12.46 9.78 9.8V 106.63±1.78 1.4±0.7a +0.1 +0.2 1.0 2.0 28.0 18.0
GJ 213 M3.5V 11.54 8.68 14.2V 172.78±2.38 1.0±0.8a +0.0 +0.3 1.5 1.5 25.5 16.5
G 99-49 M3.5Ve 11.31 8.43 16.6V 194.25±1.87 5.8±0.3 −4.6 −3.4 1.0 1.0 15.0 9.5
GJ 232 M4.0V 13.16 10.21 7.5R 116.21±1.90 1.1±0.8a +0.0 +0.5 1.0 2.0 25.5 16.0
GJ 1093 M5.0Ve 14.94 11.24 15.3R 132.65±1.29 1.8±0.3a −2.1 −0.9 1.0 1.5 11.5 7.5
GJ 273 M3.0V 9.88 7.14 29.7V 263.59±3.83 0.9±0.8a +0.1 +0.4 1.0 1.5 25.5 16.5
GJ 283B M6.5Ve 16.69 12.41 8.8I 110.45±0.67 ... −0.5 +1.7 ... ... 8.0 5.0
GJ 285 M4.0Ve 11.19 8.22 23.0V 171.06±2.29 3.6±1.3 −9.4 −7.7 1.0 1.5 29.0 18.0
GJ 1103 M4.5V 13.26 10.19 15.8V 106.61±0.90 0.8±0.7a ... +0.2 1.5 4.5 10.0 6.5
GJ 299 M3.5V 12.86 9.91 13.3V 151.37±0.98 1.2±0.8a +0.1 +1.6 1.0 1.5 14.0 9.0
GJ 300 M3.5V 12.15 9.22 16.6V 122.78±0.48 0.9±0.7a −0.2 +0.8 1.0 1.0 10.0 6.5
GJ 1111 M6.0Ve 14.96 10.59 12.6R 270.85±2.17 11.1±0.4 −8.0 −3.8 1.0 2.5 5.0 3.5
LHS 2090 M6.0Ve 16.11 11.84 10.3I 157.48±1.06 15.2±1.3 −15.8 −7.9 2.0 5.0 3.0 2.0
LHS 2206 M4.0Ve 14.02 10.85 17.1R 109.85±1.80 10.8±1.1 −4.4 −3.3 1.5 3.5 21.5 14.0
LHS 292 M6.5Ve 15.78 11.25 13.6R 213.96±1.13 2.1±1.0a −9.5 −0.8 0.5 1.0 4.0 2.5
GJ 402 M4.0V 11.71 8.84 14.4V 147.14±3.26 1.0±0.8a −0.2 +0.3 1.0 1.5 26.0 16.5
GJ 406 M5.0Ve 13.58 9.44 16.3R 414.40±1.47 1.6±0.7a −16.1 −8.0 0.5 1.0 3.0 2.0
GJ 447 M4.0V 11.15 8.13 ... ... 1.2±0.7a −0.1 +1.0 1.0 1.0 ... ...
GJ 1154 M4.5Ve 13.64 10.31 14.9V 124.68±1.83 6.3±0.5 ... −6.6 1.0 1.5 17.0 11.0
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Table 12.1 – Continued
Name SpType V I VAR Distance vsini HαMIN HαMAX 3 d 10 d 4 yr 8 yr
(mag) (mag) (mmag) (pc) (km s−1) EW A˚ EW A˚ (MJUP ) (MJUP ) (MJUP ) (MJUP )
GJ 1156 M4.5Ve 13.95 10.38 17.7V 155.80±1.24 16.1±1.2 −6.5 −5.6 2.0 3.0 10.0 6.5
GJ 486 M4.0V 11.40 8.67 10.8V 122.73±3.50 1.3±0.8a ... +0.3 1.0 2.0 40.5 26.0
GJ 493.1 M4.5Ve 13.40 10.26 10.3R 114.66±2.18 17.3±0.8 ... −4.9 6.0 6.0 22.0 14.0
GJ 555 M3.5V 11.34 8.44 12.3V 161.82±1.36 0.6±0.7a +0.5 +0.6 1.0 1.5 26.5 17.0
LHS 3003 M7.0Ve 17.07 12.54 10.3I 141.47±0.94 ... −28.5 +2.4 ... ... 6.0 4.0
GJ 609 M4.0V 12.58 9.70 10.3V 100.14±2.47 0.3±0.9a −0.2 +0.1 1.5 4.0 29.5 18.5
GJ 628 M3.0V 10.07 7.37 10.9V 230.39±2.27 1.2±0.7a +0.0 +0.9 1.0 1.5 11.5 7.5
GJ 643 M3.0V 11.77 9.01 8.8V 153.50±1.19 0.9±0.8a ... +0.0 1.0 1.5 18.5 12.0
GJ 644C M7.0Ve 16.85 12.25 12.3I 155.43±0.49 −11.6 −7.1 ... ... 6.5 4.0
GJ 1207 M3.5Ve 12.25 9.43 18.1V 112.29±0.85 11.1±0.7 −7.2 −3.9 2.0 4.0 14.0 9.0
GJ 699 M3.5V 9.49 6.70 ... ... 1.3±0.8a +0.0 +0.6 1.0 1.5 ... ...
GJ 1224 M4.0Ve 13.48 10.31 11.5I 127.60±1.83 1.4±0.4a −4.6 −4.3 1.0 1.5 14.5 9.5
GJ 1230B M4.5Ve 12.33 9.26 ... ... 0.3±0.5 −1.2 −0.1 1.5 5.0 ... ...
GJ 729 M3.5Ve 10.50 7.68 10.5V 340.21±1.62 3.8±0.6 −2.5 −2.4 1.0 1.0 6.0 4.0
GJ 752B M8.0Ve 17.45 12.78 17.6I 168.74±1.50 ... −6.9 −2.6 ... ... 5.5 3.5
GJ 1235 M4.0Ve 13.47 10.46 13.3R 97.58±2.92 0.8±0.8a −0.5 +0.4 1.0 1.5 18.5 12.0
GJ 1256 M4.0V 13.47 10.37 23.6R 105.74±1.40 0.6±0.6a ... −0.2 1.0 1.5 25.0 16.0
LP 816-60 M3.0V 11.50 8.64 18.9V 176.21±1.08 ... +0.1 +0.5 ... ... 12.0 8.0
G 188-038 M3.5Ve 12.05 9.16 21.3V 109.48±2.39 37.5±2.0 ... −5.8 ... ... 36.5 23.0
LHS 3799 M4.5Ve 13.30 10.04 12.6V 138.32±1.61 1.5±0.5a −4.3 −3.7 1.0 1.0 8.5 5.5
LP 876-10 M4.0Ve 12.59 9.61 13.1V 132.27±1.07 25.7±3.1 −6.5 −3.3 13.5 26.5 3.0 2.0
GJ 896A M3.5Ve 10.30 7.66 ... ... 16.2±0.5 −6.9 −5.4 ... ... ... ...
GJ 896B M4.0Ve 12.40 9.28 ... ... 27.0±1.1 −6.6 −4.9 ... ... ... ...
GJ 1286 M5.0Ve 14.73 11.10 11.2I 142.07±1.06 0.7±0.9a −0.7 −0.7 1.0 1.5 7.0 4.5
aThe vsini values reported are the values used in the best fit model. Because values below 3 km s−1 cannot be confidently
measured at our resolution, we adopt a vsini upper limit value of 3 km s−1 for these stars.
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